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ABSTRACT

A comprehensive study of the problem of helicopter noise radiation is presented .’
Alter a review of the basic features of the noise, the limited experimental data are
rcviewed in some detail, and empirical lows are proposed. An exact theoretical
cr-pression for the noise radiation is derived. This expression has been used as the
basis for the development of a comprehensive computer program to calculate heli-
copter noise at any field point, including all effects of fluctuating airloads and
rigid and flexible blade motions. Details of this program are presented in a com-
pe:nion report. Under very reasonable approximations, an analytic expression has
been found for the sound field for from the helicopter. Computations based on this
expression have been made. The results show that it is the very high harmonics
of the loading which contribute to the important harmonics of the sound field. For
instance, calculation of the tenth harmonic cf a four-blade rotor requires a
knowledge of loading harmonics up to the sixtieth. Details of such loadings are
not available from theory or experiment. Therefore, rotor aerodynamic loadings
heve been reviewed in detail, and empirical harmonic decay laws have been de-
rived. Lloading phases appear to be best described as random, and this introduces
simplification in the theory, together with the necessity for definition of a correla~
tion length. Results of a parameter study show trends basically in agreement with
experiment, with sound at the higher harmonics basically proportional to thrust times
disc loading times tip velocity squared. For the lower harmonics, the dependence
on tip velocity is to the 2B power where B is the number of blades. The effect of
forward speed is to increase the sound radiated forward and to decrease that
rcdiated aft, causing a difference between fore and aft radiation of as much as

( dB for the second and third harmonics at a forward Mach number of 0.25. An
effective rotational Mach number concept is introduced which enables the effects
of forward speed to be calculated, to good accuracy, directly from results for the
hover case. The overall sound directionality pattern is found to have a minimum
siightly above the plane of the disc and o broad maximum about 20 degrees below .
The effects of both the near field and the biade motion are found to be small. Appen-
dices present analyses of the blade motion effects and of the noise radiation by ran-
dem blade loadings. Appendix Il presents design charts for the noise radiation based
or: the theory that reduces the calculation of noise to a simple algebraic procedure.
The theory generally shows fair. agreement with experiment for overall levels and
gcad agreement for trends. The charts presented should therefore be of direct use

for design trode-off studies.
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FOREWORD

The work reported herein was performed by Wyle Laboratories Research Staff, under
Contract DAAJO2-67-C-0023, for U.S. Army Aviation Materiel Laborcfones,
Fori Cusiis, Virginic. The work was carried out under the technical cognizance of
Mr. William E. Nettles of the USAAVLABS staff. A companion report, USAAVLABS
TR 48-51, gives details of the computer program specially developed for helicopter
noise calcuiations under this contract.

Wyle Laberatories personnel directly associated with the project included Dr. M.V,
Lowson, Mr. J.B. Ollerhecd, Mrs. M. Setter, and Mr. R.B. Taylor.
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1.0 INTRODUCTION

The wresent work is o further step in the U.S. Army Aviation Materiel Laboratories -
spon:ored research into the causes of, and means for controlling, helicopter noise.
Tkis sverall research program has now been in progress for several years, since it

first became apparent that noise radiation was on important factor in he!icopter opera~
tions . both military and civil. Several studies of helicopter noise have now been
perfcrmed both from the expenmental ~7 and the theoretical 8-12 points of view.
How.ver, it is unfortunately still true that the basic noise problem is far from being

solved, or even understood.

This -eport concentrates on the problems caused by the far-tield noise radiation of
the Felicopter. Aural detection of a helicopter is a significant factor in the success
of teztical missions. '3 The uniqus characteristics of helicopter noise not only cause
the roise to propagate for exceptionally great distances but also probably enable an
experienced listener to distinguish the type. of aircraft, its range, and its direction of
flight. In the commercicl sphere, high noise levels threaten the success of the very
oper:itions which a helicopter is uniquely able to perform; that is, operations out of
terminals in built-up and often heavily populated areas which are inaccessible to
conventional aircraft. There are already many instances where the dcsadvanfoges of
nois« have been found to outweigh other advantages of helicopter travel. However,
it should be pointed out that internal noise problems cre clso severe. In addition to
__the cbvious prablem of interference with communications, noise levels inside the
crew. compartment are sufficiently high to constitute a very definite health hazard
to h-licopter ai-crews. Figure 1 is a 1/3-octave band analysis of the noise in the
cocknit of a CH-47B in cruising Flight.7 Superimposed on this spectrum are hazar-
dou: noise expusure curves’ and the amount of sound attenuation whicih can be
expccted from well-designed and well-fitting helmet/earmuff combinations. It is
obvious that the noise level is dangerously high. Nevertheless, internal noise prob-
fems will not be specifically studied in this report, although many of the methods
developed and the results obtained are relevant to both the internal and the external

nois= field.

Helizopter noise can be divided into two basic groups: that arising aerodynamically
and that arising mechanically. However, with the exception of piston engine exhaust
nois::, the "mechanical” sound sources, including those due to the gearbox, transmis-
sion. and the various vibrating components, are important to the internal and near=
exte nal fields only. In the far-external field, the cerodynamically generated sound
is dcminant, The latter is associated with the rotor airloads and includes various
type: of noise which are commonly known as rotational noise, vortex noise, and
"blade slap". Which of these is most significant depends on o number of factors, the
most important of which are the location of the observer ard the flight ard configura=-
tion of the helicopter. At moderate distances from the helicopter, the various sources,
listed in their order of importance to the subjectively judged magnitude cf the sound,
or loudness, are:®



. Blade slap (when it occurs)
° Piston engine exhaust noise
'y Tail rotor rotational noise
° Main rotor vortex noise

'y Main rotor rotational noise
® Gearbox noise
e Turbine engin'é noise

» Other sources

At very she-t distances inside the helicopter, gearbox noise becomes more important,
as noted proviously . At extreme distances, approaching the range at wkich the sound
is barely audibie, blade slap and main rotor rotational noise may be the only compo-
nents which are heard because atmospheric and other sound absorption effects re-
‘move the high-frequency energy from the spectrum. Main rotor rotational noise con-
tairs the mojor part of its energy at low and subaudible frequencies.

1.1 DEFINITION OF ROTOR NOISE SOURCES

The basic subject of the present study is therefore the noise radiated by the rotor.

This consists of three of the sources mentioned above: blade slap, rotational noise,
and vortex noise. A brief review of the characteristics of each is given below. How-
ever, the underlying source of the noise radiated by o helicopter rotor is the fluctu-
ating forces upon it, and the basic cause of these forces may be found by examination
of the rotor aerodynamics. Thus, in order to understand the noise, it is important first
of all to un-ierstand the rotor aerodynamics.

The main feature of rotor aerodynamics is the lack of symmetry. In forward flight the
advancing !lade encounters substantially higher air velocities than does the retreating
blade, giving rise to cyclic variations in the resulting airloads. The equilibrium of
the rotor is maintained by a combination of cyclic pitch control and the freedom of

the rotor bludes to flap.

However, the most important feature of the helicopter aerodynamics from the stand-
point of noise and vibration is the rotor wake. Each blade acts in the same way as a
wing in flight, and the lift on it generates a vortex wake behind it which has a
strong tendency to roll up into @ concentrated vortex core. Each blade must there-
fore pass over the concentrated vortex wake left by its predecessor. Depending on
odvance rotio, net lift force, and so on, this vortex may pass either extremely close

2
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to, or tar away from, the following blade. If the vortex passes close to l'h‘e blade,

then u substantial local increase in lift will occur temporarily. These comporc'ifivcly"“

rapid increments in lift, caused by vortex interaction, are very efficient noise radia~

tors. 1t appears that a very large part of the observed noise from a hehcopter canbe

attributed to these vortex effects.

Blade SlaE

A por:sculcr!y severe type of noise is well known in helicopter operation under the
name "blade slap”. It is found that under various conditions (for instance, during
low power descent), the helicopter produces a particulerly loud slapping or banging
noise, which occurs at the blade pessage frequency. This occurs at precisely those
condi:ions where the vortex wake can be expected to pass very close to the rotor,
and can be particularly severe on a tandem-rotor aircraft where the wake f-om the
first rotor can pass through the second. Blade slap can also occur on high speed
rotors and in this case is associated with transonic flow over the rotor blades. Thus
there =re two possible sources of blade slap, due to either vortex interaction or fran~.
sonic flow. It may be noted that the description of the phenomenon is fairly
straigiitforward acoustically, and both the effects mentioned above can be readily
predicted from the theory. Cases corresponding to blade slap are discussed in
Secticn 6.1 of this report. Reference should also be made to the studies by Leverton
and Taylor .6 _
When it occurs, blade slap is by far the loudest source of noise observed on thz
helicopter. However, it seems inappropriate to consider blade slap as a separate
phencmenon. The helicopter rotor is always undergoing some form of vortex inter-
actior, and blade slap is simply a particularly severe form. Perhaps it is more
realistic to suppose that, at least from the acoustic point of view, the helncopfer is
always flying under some degree of blade slap.

Rotational Noise

Rotational noise is usually regarded as that sound which is directly attributable to the
steady and fluctuating lift and dra% forzes acting on the rotor. This is the major
source of noise from propellers 19 6,17 and helicopter tail rotors, where the funda-
mentc! frequency is of the order of 100 Hz.* For the helicopter main rotor, the fun-
damental frequency is significantly lower, around 10 Hz, due to the lower rotational
speed. Rotational noise has a spectrum consisting of a number of very narrow peaks
onaurring at integral multiples of e blade passage frequency. However, its impor-
tance is often underestimated bacause of its very low frequency and the fact that
mest of its energy is contained within "subaudible" frequencies. The quotation marks
here cre used because the subaudible frequency range is in fact difficult to define,

*
Her:z (Hz) is the new international unit for frequency. 1 Hertz = 1 cycle per second.
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since whet cannot be heard can often be felt through other physiological sensations.
The subje-tive character of rotational noise is highly dependent upon its harmonic
content. The relctive amplitudes of the higher harmonics vary from helicopter to
nelicopte and strongly depend upon the flight condition. If the harmonic ampli-
tudes fall off rapidly (with harmonic number), the sound can best be described as a
“thumpin " which occurs at the blade passage frequency. As the harmonic decay
becomes ‘ess, thet is, =< the higher harmonics increase in amplitude, the thumps
sharpen ite bangs and eventualiy into "blade clap”. An example of this effect is
the soun< of o helicopter fiying oveihead at ¢ fairly high speed and low altitude. As
the mach-ne approaches, the characteristic sound is a sharp popping which decays to
a thumpir.g sound as the aircraft flies overhead. Subsequently, the rotational content
becomes harely perceptible as the aircraft recedes, with the tail rotor noise domi-
nating th:: observed sound.

A sound <cmponent which is very similar in nature to rotational noise is termed
thickne's noise" .17 This arises due to the displacement of air particles as a blade
‘passes through their volume. Like rotational noise, thickness noise has a frequency
spectrum consisting of a number of discrete harmonics of the fundamental blade pas-
'sage frequency, which is the rotational frequency multiplied by the number of blades.
‘However, this is rarely an important source of helicopter noise except at very high
tip speeds. Thickness noisc has not been considered in this report.

Vortex Noise

Vortex ncise is the name given to the distinctive "swishing" sound which character-
‘izes helicopter noise at short distances. It is sometimes thought to be caused by the
‘turbulence associated with the blade boundary layers, but it is probably principally
due to th= internction of the blades with wake turbulence. Vortex noise is random

in nature and contains sound energy which is spread over a substantial portion of the
‘audible frequency range. Rotor vortex noise differs from other, more familiar, forms
o random noise, such as wind noise or jet noise, in that its umplitude and frequen-
‘cies are modulated. This is due to the varying relative distance and velocity between
the sourcs and the observer because of blade rotation, which causes harmonic varia-
tions in both amplitude and frequency.

Experimental data presented in this report indicate that, contrary to previous opinions,
_rotaticnci noise may continue to dominate the sound spectrum p to frequencies of

- 400 Hz ¢nd higher. The previous belief that vortex noise becomes more significant
_at frequsncies greater thain abou 170 Hz may well be the result of two factors: (1) one-
third-ociave analysis of helicopter noise does not distinguish individual harmonics
.at the higher frequencies, and (2) previous theoretical results predicted that rota-
tional ncise decays more ropidly than it doas in practice. It is likely that improved
narrew band analysis of helicopter noise will show that rotational noise is signifi-

cant thrcugh the major part of the audible frequency range and, thus, that previously
“identifies! "vortex" noise is really part of the rotational noise output of the helicopter.
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It is cicar from the preceding discussion that all significant forms of rotor noise are
due tc the fluctuations and motions of the pressures acting on the blades. For this
reasor, it is somewhat difficult, and indeed of doubtful justification, to separate
rotaticnal noise, vortex noise, and blade slap. 1t is shown in this report that ob-
servec rctational noise harmonics, even at relatively low frequencies, dre most
likely exp'ained by random phase variations in the higher blade loading harmonics.
Main -otor ratational noise harmonics as high as the thirty~fifth are discernable in
experimen‘al data for two-Elade rotors. To obtain theoretical predictions of these
harmo-iic amplitudes with any accuracy requires knowledge of ot least 100 harmonics
of the rotor airloads. Such fluctuations correspond to pressure variations occurring
withir. the dimensions of a blade chord; a condition appreaching the domain of "vortex"
fioise eneration . -Similarly. blade slap is said ta occur when the observed sound
becomes highly impulsive in nature, which in turn is the result of the blade loading
harmoics' reaching some critical level. It could be argued that "blace slap” is
alway: present in helicopter noise; it is merely a question of degree.

The fundamental object of the report is to predict all possible forms of the noise radiated
by the helicopter main rotor. This is achieved by applying the basic acoustical equa-
tions wwhizh give the sound radiation from a known fluctuating force dis&ri%uﬁon . These
basic 2quations were recently derived in a convenient form by Lowson.”#” Thus, the
problem of predicting the noise radiation reduces to the problem of predicting the
rotor dynamic loads. Unfortunately, the accurate culculation of the noise field re~
quires an extremely detailed knowledge of the fluctuating loads. For instance, it
will be shown that calculation of the tenth sound harmonic for a four-blade rotor (a
case v-hich is certainly of practical interest) requires a knowledge of the loadings up
to about the sixtieth. This knowledge is not at present available, either from experi-
ment or theory. Indeed, the only loading harmonics which con ot present be specified
will be shown to have ¢ negligible sound output. Thus, in order to calculate the
sound field, these high harmonic loadings must be predicted, and an important part of

the present work has been to derive semiempirical predictions for these.

Because of the comp!=xity of the acoustic problem, a complete solution is possible
only via a digital computer. A key secondary objective is therefore to reduce com-
outer time to a minimum. The previous theoretical studies 10-12 hove been accom-
olished using this general approach, and reasonable, although far from complete,
agreement with experiment was found. Computing time using these approaches was
of the order of minutes per field point. The present work uses a different basic
expression for the computer studies, which removes one of the principal problems
that cause excessive computer time. Computer time for the present, more complete
solution has been reduced to about 10 seconds per field point, and this solution
includes all flapping and lagging effects as desired. In addition, under very reason=
able .:pproximations, an analytic solution has been obtained. The solution is a
rothe: complex collection of Bessel functions and still requires computer calcula-
-tion, but computer time for this case can be reduced to the order of a tenth of a
secord per field point. Furthermore, this basic analytic solution has revealed several
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“importan: features of the noise generation process which are of considerable help in
understa:ding the problem.

' Thus, two very different approaches, the exact numerical method and the approximate
"analytic solution, have been used in the work. The two approaches give identical

" answers if appropriate, identical input conditions are used. This self-checking feature
-of the present calculations is important in establishing confidence in the results. Fair
~_agreemmt with experiment is also found, although experimental data are far from

" being ei‘he:r complete or trustworthy. Previous theoretical studies have shown that

. rotationu| noise can be predicted with reasonable accuracy at the lower frequencies.
. The present work illustrates some of the deficiencies of earlier knowledge and shows
. how thecry and experiment complement each other to yieid methods for the accurate
" estimation of rotational noise throughout it; important frequency range.
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2.0 REVIEW OF THE PROBLEM

2.1 REVIEW OF EXPERIMENTAL DATA

One of the major difficulties in establishing @ proper understanding of helicopter noise
“is thi. lack of good experimental data. Several studies have been performed,! =7, but
all suffer from deficiencies. Few investigators have performed a sufficiently detailed
study of the problem, and even the detailed studies have often given data which are of
very !imited application. Furthermore, comparison of results from different investiga-
tion: on the same helicopter often reveals discrepancies of 10 dB or more. Never-
thelcss, in order to provide a basis for the report, itisfelt that a review of the data is
nece.sary. Attempts have been made in each case to determine the leading trends,
and empirical formulaes for noise characteristics are given. It should be noted that all
the farmulas given upply under restricted circumstances, and considerable care should
be exercised in any attempt to apply the formulas to any real prediction case.

From many points of view, the first reported study, by Hubbard and Maglieri, Tstin
give: the most useful information on the rotor noise problem. They measured ncise
from o helicopter rotor on a test tower. The tower was over a diameter high, so that
ground interference should not be too severe. Noise was measured at only two loca-
ticns: at the hub and on the ground at 1 diameter from the hub, but the rotor was

run over a very wide range of disc loadings and tip speeds. Although these ranges
are cutside the useful practical limits, the results do show important trends, which
woy!- have been difficult to pinpoint with any confidence in a more restricted exper-
imer:. A plot of the overall levels, as measured on the ground i diamete: away
from therotor, is givenin Figure 2. The data should be fairly realistic, although there
seems to be a possibility of downwash-inducednoise at the microphone for the high
disc ioading cases. There are several features that can be observed on this graph.
First it can be observed that noise levels rise rapidly withtip speed. However, for
any .pecific tip velocity, the noise level reaches a minimum at an intermediate value
of dizc loading. The same effect is shown in the one-third octave band spectra in
Figu e 3, also taken from Hubbard and Maglieri's paper. At very high disc loadings
the rotor stalls, and this causes major increments in noise. Points corresponding to
stall:d operation are marked on Figure 2. At very low disc loadings the noise also
rises. This is due to the vortex wake interaction effects discussed in the Introduction.
Inde -d, Hubbard and Maglieri appear to have been the first to report the blade slap
phe:.omenon. Note the increase in sound output at low disc loadings for the 900 ft/sec

~case . This corresponds to the blade slap. condition.

The data shown in Figure 2 may be replotted in a form suitable for making predictions
of <. erall noise level. It will be assumed that helicopters will not, in general, run
inconditions close tostall orblade slap. When such extreme points are removed from
Figure 2, the datamoy be replotted as shown in Figure 4. This figure probakly applies for
collective pitches of the order of 8degrees. Variation of collective pitch is, of course,
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reflec:edin the thrust term. Itwill be observed that fairly good collapse is obtained . The
doubis logdrithmic plot of Figure 4 is convenient for establishing power law trends.
It will be observed that the sound leve! rises at a much faster rate with velocity at
high ¢ » speeds than at low. This is a turther important feature of the noise. Most
heliconters operate with tip speeds in the range of from 500 to 800 fps. Over this
range ‘he aata collapse to a struight line fairly well . From this, an empirical predic-
tion lcw for overall levels at a 500-ft sideline may be obtained as

. = &0 log,, VT + 10 loQ‘oT - 127 . 4))
where ‘/T = tip speed
T = rotor thrust (lift)

Correcrion of Equation (1) to other ranges r may be readily accomplished by

aB = dB + 20 Iog‘0 (500/r) (2)

r 500

It shou'd be pointed out that, in the derivation of Equation (1) from the data in
Figure 4, two assumptions have been made. First, it was assumed that, for
constart disc loading, the sound output was proportional to rotor diameter squared.
This secms physically reasonable and was found to apply theoretically in the related
case of compressor noise. 18 Second, it was assumed that Hubbard and Maglieri's
results ~ould be corrected to 500 ft, assuming spherical spreading,as in Equation (2).
This assumption is pioucbly accurate to within a dB or so, as will be shown later

in the rzport. Furthermore, Hubbard and Maglieri do not give one-third octave plots
beiow 100 Hz, and there is therefore some doubt as to the lower frequency limit in
their ovzrall response data. It might also be pointed out that there are some theoret-
ical ressons that suggest a thrust-squared law in Equation 1), so that the thrust term
" would tien be 20 log,, T. However, the thrust term shown here has a good empir-
ical fit o the limited data availabie, as is shown by the collapse in Figure 4. It

- should ! e noted that configuration changes may well be important, Equation (2)

* applies :ssentially to a two-blade case. Data from Cox and Lynn 3 suggest that a

- three-b’'adercter moy be about 3 dB quieter thana two-blade rotor with the same

* thryst a~d tip speed.

- Since thrust is proportional to tip velocity squared, Equation (1) implies a veiocity to
- the eighth power law for the noise. Acousticians should note that this variation is not
' too surg:ising. The sixth power law for dipole noise cpplies only tu isolated dipole



fluctiating forces. Distributions of force (for instance over the rotor disc) imply
highw order multipoles and associared higher order velocity powers. Indeed, asimple
propuiler obeys a velocity to the tenth power law over most of its operutmg range of

intercst

Stuckey and Goddard recently presented new acoustic data on a roter tower test,
Their 50-ft-diameter rotor was only 20 feet from the ground, and vortex
reing::stion with consequent increases in noise level is to be expected. Theirdataare
unlikely to be representative of hover cut of ground effect, but the data may be appli-
cable to lift-off maneuvers. They give fairly complete data, which justify analysis. No
simp!:: effect of noise harmornics is observed. The harmonic level varies almost
randcrily from harmonic to harmonic and from test to test. This effect is probably due,
at lecst in part, to the vortex reingestion effects mentioned above. However,some
trends can be seen. Figure 5 ¢ ves harmonic levels measured for a high.and low
colleztive pitch at high and low rotational speeds. Figure 5 shows a fairly constant
10-df increase ¢ 1 going from the low to the high thrust condition. Note that spectral
shapes in each case are changed little. However, there is a very definite change in
spectral shape between the high and the low tipspeed case. The lower harmonicsare
considerably increcsed. Atlow tipspeeds, thesixth to thirteenth harmonics are almost

5 d€ higher than the first; at high tip speeds, the eifect is reversed, with the first
harmonie obOUf 7 dB hugher

As we s mentioned above, considerable scatier is present in Stuckey and Goddard's re~
sults  However, inorder to establish scme general trends, the graphs shown in Figure 6
have een prepared. Thehighest harmonic given in the data of Stuckey and Goddard

the fi"teenth, is token forreference. Itwas found that the sound level obeyed a VT2

law v-hen V is tip velocity and T is rotor thrust. anure 6a shows the sound level
agair <t thrust, corrected for velocity. It is clear that a 12 law gives a good fit to
the cdata. Figure 6b gives the sound level against ve|ocnfy, corrected for thrust,

“Here . considerable scatter may be observed, and the V2 lew cannot be regarded as

dcﬁh.te!y established. It is of particular interest to nore that several points at akout
11 t: 13 degrees collective pitch are about 5 to 10 uB low. This probably
corre.ponds to a cleaner flow condition, as was observed in Hubbard and Maglieri's
data, and offers some hope for a noise control method. If the V2T? law is accepted,
ther, since T ~ V?, an overall V¢ law can be inferred. The V¢ law |s, of course,
the ciassical dipole power dependency expected for a force.4.9

Figuie 7 shows the equivalent graphs for the first harmonic. Far more scatter is
appcrent here. The velocity law is more like V® or greater, as opposed. to the V2
law for the fifreenth harmonic. Part of this is undoubtedly due to the increase in
micruphone response as the fundamenfal becomes of higher frequency with increase in
tip sueed. This accounts for a V2 increase, so that the observed V& law impliet an
actuil V4 law. It may be noted that use of the assymptotic form of the Besse! functions
cuggssts o V2B law at the fundomental frequency where B is the number of blades.
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Stuckey anci Goddard's Jata were taken on a three-blade rotor, and a V¢ law is then
suggested thecretically, in broad agreement with the experimental results. It mught
also be noted that the same arguments, including blade number end microphone re-
sponse, apj:lied to Hubbard and Moglzerl s two-blade rotor would suggest a V® T2 law
for the funcamental frequency. A V® law is suggested in Equation (1), but probably
little weight sHou|d be placed on this. The data plotted against thrust in Figure 7a
again suggest a T2 law. Considerable scatter occurs here, basically due to the
scatter in tie velaccty cose. For any fixed tip velocity, the data correspond quite
closely to the T2 law. No detailed prediction equations will be given based on
these data, but the general trends should be noted, particularly the fact that fhe sig-
nificance cf the lower harmonics increases with tip speed.

For the complete helicopter, there is again little data. Sternfeld et o|,2 gave an
extremely izrge amount of acoustic data on many different vehicles. However, their
program was primarily aimed at internal noise levels, and most of their reported data
are not in ¢ convenient form for analysis in the present problem. The moust useful study
for the pres:nt work was that of Cox and Lynn.3 They performed a detailed investi-
gation of the noise from a UH-1A helicopter . Typical overall levels in their. tests are
also show in Figure 4. The extremely good agreement between Hubbard and Maglieri's
results for «n isolated rotor and Cox and Lynn's results for the complete helicopter
should be noted. This reinforces the contention that the main rotor is the principal
source of scund and is support for the use of Equation (1) for prediction purposes.. Un-
fortunately . no other data have been found in a convenient form for inclusion in
Figure 4, s that the use of Equohon (1) cannot be regarded as completely justified.
However, i: may be of some use in nonse predvchons where parameters do not vary too
much from ihose of the source data.

Cox and Lyn also performed some narrow band spectral analyses of their acoustic
signal . Hcwvever, an error was apparently made in the identification of the funda-
mental frec sency as 11 Hz in their original groph. Use of a 10-Hz fundamental as
shown lead: to much better agreement with obsered frequency plots. Figure 8 is
based on th=ir results with this correction, and it suggests that the noise radiation
from the conplete helicopter can be divided into four parts:

° Main rotor rotational noise
° Tail rotor rotational noise
. Main rotor vortex noise

' Gearbox noise

Levels of these sources, broadly as suggested by Cox aund Lynn, are shown in Figure 8.
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The test vehicle was turbine powered, and this probably accounts for most. of the radia-
tion above 2000 Hz. Results for o reciprocating engine helicopter would show addi~
tionc! noise peaks at the engine firing frequency (about 10C Hz) and its harmonics ot
abou the same level as the main and tail rotor harmonics shown. It can be seen that
the harmonics associated with the main rotor rotational noise predominate at lower
frecuoncies (< 100 Hz). At the midfrequency range {100 to 400 Hz), the tail rotor
harmanics appear more significantly, and the main rotor "vortex" noise is important
at orsund 500 Hz. It should be noted that this particular order of significance is not
necessarily true for oll helicopters. For instance, the UH-1A operates with a par-
ticularly high blade tip speed. As was shown by Siuckey and Goddard's data (Figure
5), vaduction of tip speed will markedly reduce the levels of the first few main and
tail rotor harmonics, but only reduce higher harmonics and vortex noise to a lesser

degree,

This "vortex" ncise justifies further study. It is generally considered to be defined by
the background noise showing in the spectrum below the pecks due to the tail rotor
harronics, as is shown in Figure 8. Severdl attempts have been made fo predict this
vartex roise by empirical techniques based on the assumption that it is entirely ran-
dom >r broad band in nature (for example 4:3:12), In fact, it seems very likely that
the "vortex" noise component as generally defined really represents some of the
high..r harmonics of the main rotor rotational noise. Figure 9 gives a recent ultra-
narrcw (2 Hz) spectral analysis of noise from a UH-1B helicopter under lift-off con-
diticas recorded at Wyle Laboratories.” Considerable care was taken to ensure that
““the :nectral andlysis was as accurate as possible, To produce this one figure, approxi-
mately 2 hours of analysis time was required. Such detail has not previously been
gives in the reported dato, and Figure 9 shows several new and interesting effects.

The most significant effect is that harmonics of the main rotor blade passage frequency
are identifiakle up to ot least 400 Hz or about the 36th harmonic of the noise. In
otha" words, the background noise level beneath the tai) rotor harmonicsisdue to the
higher harmonics of the main rotor, at least from 100 to 400 Hz. Figure 9 shows how
the true broad-band background levzl is about 3 to 5 dB below what is usually des-~
cribed as "vortex" noise. The small subharmonic halfway between the principal blade
passage harmonics is also of interest. The UH-1 has two blades, and this subharmonic
is clearly due to incomplete cancellation of the noise radiated by each blade. Iden-
tica! radiation from euch blade is always assumed theoretically, and Figure 9 shows
how this is not necessarily true.

Several authors have attempted to predict rotor noise levels above the tenth harmonic.
As v-as shown ubove, sound at these frequencies contains contributions from both the
rotc: harmonics and the vortex noise. Both sources have been combined by pre-
viou: investigators as "vortex" noise, and equations for its sound contribution
given. Davidson and Hargest4 quote results from Goddard ond Stuckey to suggest

3]

P



‘an approx imate formula for the vortex noise, which can be written as

= 20log,, Vy + 20log T -10log S - 25.5 o B)

T

12

‘where S = total blade plan area

: 12 . . . ‘
Schlegel et al, “ also give a formula for vortex noise which can be rewritten'as

'

dBy,, = 20 log, V

500 ; * log T - 10log, S - 43 (4)

The fact ihat the functional dependence of each empirical form is the same is en-
-couraginy, but it will be observed that Davidson and Hargest's equation (3} predicts
.17 .5 dB more noise than Schlegel's equation (4). Dovidson and Hargest's result is
‘intended to apply immediately underneath the rotor, and they suggest that much less
.vortex ncise is radiated sideways. Their correction for this effect would reduce their
_prediction by about 10°dB for the position used by Schlegel et al, in their tests. The
‘argumen:s, and data, put forward by Davidson and Hargest cannsi be said to offer
_any real support for this correction, but the correction does appear to be included in
their predictions, so that it must be removed for comparison with Schlegel . Several
-other effocts suggested by Davidson and Hargest would tend to increase the predicted
noise level still further. The divergence between the two equations is not readily
"explainable. Possibly, the increased number of blades (five and six) used by Schlegel
“et al, centributed to the reduced noise. Empirically, perhaps 5 dB should be added
to Equation (4) for prediction purposes. Stuckey and GoddardS recently presenfed
‘further data on a rotor tower test, some of which were discussed above. For the "vor-
‘tex" noise effects, they find essentially the same velocity dependence as other in-
-vestigatcss but suggest a 1.66 power law for the thrust variation. However, these
‘data are thought to be rather !iited in application because of the ground interference

" effects noted previously.

In order o interpret nelicopter noise data; it is of extreme importance to consider the
. comparative significance of the various sound sourres from the detectability point of
‘view. The significance of helicopter noise lies in irs effect on o human observer. It
is well kiown that the eur does not respond to all sounds equally. Indeed, sounds
“which are very lew (< 160 Hz) or very high ( >10,000 Hz) in frequency are not
"heard weil. Figure 10 gives a curve of equal loudness against frequency. In other
-words, scunds which seem to have the same loudness will actually have comporahve
‘measurec intensities which lie on the curve shown in Figure 10.

-The meacured sound pressure levels of Figure 9 have been replotted in Figure 11a,
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Using tiie weighting curve of Figure 10 on these data gives Figure 11b. This figure
gives the apparcunt significance of the sound from the observer's point of view. Note
that wtile Figure 11a suggests that the main rotor is the dominant source of:noise,
Figure 11b suggests that from the point of view of a human observer, the tail rotor
can be important. Furthermore, the peak main rotor sound !evel occurs at the second
harmoric in Figure 11a. The first harmonic was below the range of adequate micro-
phone response for these data. Figure 11a therefore suggests that either the first or
the second harmonic is the largest. However, reference to Figure 11b shows that the
principal rotor harmonic, as far as the human observer is concerned, is the third.
Application of the same correciicrn to ihe Stuckey and Goddard results suggest that
the tenih to fifteenth harmonics were the most important. In the remainder of the
report, results will usually be given in terms of their absolute intensities; but it will
be important to bear in mind the distorting effect of the human ear in evaluahng
these results from the point of view of detectability.

A furthzr important effect is the attenuation of sound during its propagation over long
distances.  The subject is too complicated to be studied in detail here, since it
depend: on many parameters, such as the height of the helicopter above the ground,
atmospheric humidity, type of ground cover, and so on. Discussions may be found in
Refererces 7, 13, 19, and 20, However, the key point is that all the high-frequency
noise will be rapidly attenuated, typically at more than 30 dB/1000 ft for frequencies
above 1000 Hz. Thus, from the detectability viewpoint, there is little significance
in any noise above 1000 Hz. For instance, the gearbox is often the dominant source
inside the helicopter? but will never be significant for detectability.

Finally, in any discussion of the significance of various sources of noise, it is importent
to bear in mind the limitations imposed by the method of presenting the data. It is
usual to present helicopter noise data in the form of narrow band spectra, as was shown
in Figures 5 and 6. This is reasonable because of the many discrete frequencies
present, which can be identified only in such a plot. Consider the spectrum sketched
below, which shows a discrete frequency spike at 100 Hz with a lower broad~band
level extending between 95 and 105 Hz. It seems obvious that the discrete fre-
quency peak is far more imporfant. However, although the discrete frequency spike
is 10 dB higher than the broad-band
level, the broad-band level extends
70— over a wider range, 10 times wider
B ‘ in fact. Thus, the discrete frequency
' spike and the broad-band level as
o~ shown actually have equal contribu-
' | ! tions to the overall power, and they could
95 100 105 be regarded as having equal importance.
Hy : Unfortunately, there is no automatic
‘ way of measuring the comparative
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- contributions of various sources on an overall power basis. Only the oversi! contri-
bution:from the cambined sources can be meosured, Comparative confributions con
-ba calzutated only by o tedious cddition of rhr vcnous wrms observchie in narrow-
‘band data, such o1 in Figura 3. These caicuisiions hurs Lgen meds for thic snactonm
md gre ghgyn an hg-.n:e UC.
ANM& Tha very-giffe et speaance of Figure The compared to Figure lic. Fzgure
THa wggests that Mail rotor-Hormonics ara: ;:udommmr Ovor The fTagueacy iaage of
from-100 to m.ru byt Figure 11¢ shows that both main rotor rotational asise ang
“maln-rotor, Tvoriex™ noiwe Gre-2quatiy Imperigmt Ty 838in thows the significonce
_of the maip rofor o3 @ fgise producer. 1f the swbjective correction curve o Figure
103 now opplied to Figure T1¢, the result is Figure 11d. Figore 11d gives yet
. another order of magnitude for the noise field, [t is thougts that, of the many pos-
sible 'ways of considering the dato, the one-third octave piot subjectively corectea),
0% shown 4in Figure 11d, is probably the mast meaningful from the detectability view-
poirt, Howaver, for the basic reporting of acoustic dota, the norrow band analysis
{m;moc.ted for subjective effects) of Figures 8 and 9 is the most helpful.

In conch.mor of this brief review of ovailable data, it is worthwhile 1o give twe

furfhor mpmcc} equationg which relote to engine ncise. A resuil from Davidson

aod quut'x pqp.r‘ moy be quated o give the naize rodiotion of @ piston engine as
L dem

< 37.5 % 17,7 log, HP &)

whou ﬂ? is the instolied horyepower. For an axizi flow jat engine campressor, o
mm\x from Reference 18 moy be used.

B 9 = 50 iog, V. T 20 log, D-86 ©)
Jae= - = L 8 .

.- R L)

wheie 'Y‘T = the comprewsor tip velogity and D = the duct diometer,

T 2.2 REVIEW OF THEQRY

Initiol ottempts to predict heiicoptof rotor noise utilized the large body of anaiysis
built up to describe the noise rodiation from propeliers, for example Refereaczes 1540
17. It was inevitobly found that, although propsiler noise theory was sometimes fairly
accurote for the first hormonic of the hd‘zcopfer rototional noise, it was grossly in
erroe ~ by over 100 dB in many coses - for the higher harmonics. A typicol example

is shown in Figure 120, which will be discussed in more detail below . In facr,
propeller noise theory was found to be unacceptable for predicting the higher harmonic
sound radiation sven for propeliers.

An chviows possible reason for the discrepancy between this theory and hdncoyre'
axperiments was the existence of lorge fluctuating forces on the blades in ihe hell
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copter case, and tus wes suggesies by many workers. As c esult of two detoiled ™ T —:
thecreticel studies, by Schiege! 12 ond Loewy ona Sutton, 12,1 the pofentiol nm!— . -
Coance of the fluctyating forces is now clear. 1F is the apinion of the outhors of * =%
this repart thot oll e significant higher harmonic sound effects {excent possibly at-
transonic or supersonic speeds) can be ubriouled io inese vesigudy taadings. L o

The fwo studies menticned above justify furthe: review. A comparison of the theoreti= .
cb wnid enpeiimantal results from each repeort is given in Finuyras 12 ond 13. Boths -
investigations use sbstanticlly the same approacn. The squations for sound generg= -
tion from o point facce Sre wiittes, ond sxpreasions for me vadistion from e com~

giete roter Gre found by inregation over the rpier disc. Adiffarsaccintomm T T o :
betwean the basic equations used results from the use of the Garrick and Watkins 16 N
meoving-axis form by Loewy and Sutton 10 and the mere usval fixed—axis farm by

Schiegel er oi 12 1o eacr opgroach, the necessory integrals ure evaluated on @ com-

puter. Both cporooches retain the cooustic near-field terms in the paint source rodia=

tion. {By way of explanation, o fluctuating point force produces an sceustic pressure

field which containg two components, one of which falls off as 2 and ocns os r, where .

r is distorce. Clearly, sufficiently far away from the source, oaly the tost {acoustic

far~fieid) term 15 significant. For calgulations near the source (say o wavelength o

so), the first (acoustic near-fieig} term must be retained. Schiegel ef al‘s approach

does assume 0 second geometric” for-field opproximotion, whose terms of order R/TY

where R s rofor rodius, con be negleciad, thys simplifying the integration. Al ;
for~field cppraximations will be valid sufiiciently far from [ae helicopter. Schlegel :
ef ol use o rectanguiar distribution opproximction to fhe chordwise loading pattern, :

while Loewy and Sutton use an cnaiytic appraximation which teads to complex clge-
broic expressions. This difference is thought 1o be imsignificont. The effect of
chordwise loading is discussed in datail in Section 5.2.

Schiegel et atl? give aetciled comparisons of their theory and experiments only for :
the first four harmonics of the noise. Foir agreement is found for the first two, but it

is clear that underestimation of the fourth, and presumaobly higher, harmonic occurs. ;
However, it should be noted that they achieve a substantici improvement aver the :
basic propeller noise celeulations due to Gutin. 19 This can be seen ir Figure 12a. :
Their report shows very clearly that the higher harmenics of the {ooding have impor~
rant contributions to the higher harmonics of the noise. Loewy and Sutton10.11 come
to the same general conclusions, but their report appears to contain some errors. For
instance, they show experimental data with peak frequencies which do rot occur ot
the blade passage frequancy and its harmonics. 1t is difficult to conceive of am
mechanism by which this could occur. Certainly the explonation put forward by
Loewy and Sutton of random voriations due to downwash wouid not explain it. Such
varigtions con cause only broodening of the observed peck and not o shift of its center
frequency. lf oppears that at some point in the onalysis between recording and final
plct, ¢ frequency reference was mislaid. The most likely source of error i that the
frequencies shown as hormonic intervals in their original graph ore octually 10-Hx
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intervals. Using their observed fundamental frequency of 14.7 Hz, then, gives har-
monics in goad agreement with the experimental data. This corrected version of
their results s shown in Figure 13. The accuracy of prediction of the amplitude of
the harmonics is improved slightly over their original graph, but the levels are still
ico low.

Other problims also arise in the interpretation of Loewy and Sutton's results. The
very suhstaniial near-field effects found by Loewy and Sutton were not observed by
Schiegel et 1, nor are they found in the present work. It seems likely that an error
occurred in Loewy and Sutton's computations, which led to underestimation of the
far~field ncize. This explains, to some extent, why predicted levels in Figure 13
are lower th.:n measured data. A further problem arises in the definition of higher
harmonic airicads by Loewy and Sutton. They use data from Scheiman?! which gives
up to 24 vaies per revolution. The basic Nyquist rule for frequency analysis states
that only he monics up to one-half the number of available points can be calcu-
iated .22 Thus, in this case, only harmonics up to the twelfth can be calculated.
Hormonics o to the tenth were given by Scheiman. However, Loewy and Sutton
plot harmonics out to the twentieth. This procedure must be in error due to folding
frequency (cr “aliasing") effects, and explains the excessively high values of load-
ing harmoni:s found by Loewy and Sutton, which undoubtedly went a considerable
way toward offsetting the far-field radiation underestimate noted above. Further
applicable theoretical work has been accomplished in References 18, 23, and 24,
but numericai estimates of direct application to the helicopter problem are not
given. Section 3.5 gives a brief comparison of these latter studies and the present
wark .
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2.6 i HEORET;CAL ACCS.;QT S

T.1 THE SEMERAL LCOATUONG "OQ SO N (,FNFRAUON

——

for sound genefahon w;‘} ba danvedifiqm .
princioles, Throughout this tection, ’.evxsor notation wﬁh.iht MM_I*QH_G '3)’3!1,53_9“
wili be ued. ThEaGGLwN g ieviany senvenignl {Suasdy 15,
mathemotics, For example, the condinuity squation may be written

: : o 3 . S R
i vhis segiion the generd: ofoobom

R R

o Bf’;p_v.} oo
2p s et 2Tg c N o
3t ax,
H >,
where p =  the density : :
¥ = hme ‘. - H . - .7 :‘ - ,- ~ AN'; -
. Q = the mate of inrroduction of mass per unit volume, .whlch rnOy mry et
j : in any desired way over space N I S
el Ul gy e LD
%, =  athree-dimensiong] Cartesion ..oqdmmg repcesenn g x.x,x PR
i : L
as i tekes on the values 1, 2, 3. B : . S

- '_ P Y A

v. = avelocity component renresenhng v!,yz,vs, as | tokeson the -

values 1,2,3, S  ;_ - 7_-1.;_

The Einstein summaticn convention used here requires that when the same index is
repeated in any tam, then the summation of that term over all values of the mﬁm s
necessary. Thus,the second term in the above equation can be expanded g5 -~

:

Ioo8levy)  3lev,) 2ipv,) _ ,
ax. | ox, | 8x, 8x o

The simplicity achieved by using this notation is apporent,

Similarly, the equction for the conservation of momentum can be written

3(pv.) dipv. v.) dp..
: ' ——— e+ —— = F, 8
o 3t dx. dx. i
- ; E]
: A where £, = (i = 1,2,3 the components of extarna! force per unit volume
) acting over the fluid.
I 17




pij = the nine component stress tensor which includes the viscousand
internal pressure forces on the fluid.

In Equition (8) the suffix i can again take on the values 1, 2, 3, but here each
different velue implies a separate equation. Equation (8) is a form of the compressible
Navier -Stokes equations. Both the second and the third terms on the left-hcmd side

of Equcrion (8) have o repeated index j and therefore requnre summing. Writing out
Equaticn (8) in the long, conventional notation would require a total of three equations,
each v.'th eight terms. Again, the advantages of the present Tensor notation are clear.

Differentiating Equation (7) with respect to t and Equation (8) with respect to x;
and subtracting gives

#p _ 5Q oF, N az(""i"j*p;j)
ot axi axiaxj

Y a

Again, differentiation of Equation (8) with respect to x; introduces a double suffix

i, which requires summing. Doing the same operation without Tensor notation would
have required differentiation of three original equations by three different variables
followed by summing, but in the present notation the result is obvious. In order to
derive the equation for sound generation, the term l

2 sz/ax“;

is subtiucted from each side, first done by L?ghrhil|,25 giving firally the general
equaticn for sound generation as

oF, T,
02 e - 02 32 P - ceQ - i + | (9)
0 .
342 axzi at axi axiaxj
] 2
wh- re Tij s pv;vj 4 pij Pl Bij
6. = 1, i =j; =0,i # j (TheKronecker 5)
J , : . 4
a, =  the speed of sound in the undisturbed fluid.

The lef:-hand side of Equation (9) is the wave equation (62/ax§ = ¢2), and the

right-he.nd side can be regarded as ¢ collection of acoustic source terms. The wave
equaticn is given in terms of a (fluctuating) density p but, if desired,can be easily
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conw rted to pressure p by putting p = qé p, which will apply in most pructical
pf 0& <3S,

It my be observed that p (or equivalently p) occurs on both sides of Equation (9),
so il at in principle Equation (9) cannot be solved directly. In practice, the terms on
the ight-hand side may be regarded as known, and expressions for the sound field can
be ¢htained using the well-known solutions to the Wave Equation.

Eaci. term on the right'hand of Equation (9) renresents a different possible acoustic
sour.e mechanism. The first, 3Q/9t, gives the effect of mass introduction. In a
helizopier, an example cculd be the tip jet rotor. Mass sources are the most efficient
radi- tors of sound at low speeds The second term, 9F, /3 x; (note the necessary sum-
matisn), gives the effect of fluctuating forces acting on the air. Since the helicopter
rotc: ererts substantial fluctuating fcrces on the air, this is the term of prime interest
in the present study. The third term, 82 T;:/3x; x;, incorporates a rather large
number of effects, the most important of which, in genaral, is that of turbulence.

T.. riay be regarded as an acoustic stress tensor. Note that since i and j may inde-
penc: enﬂy take on three values, T;. actually has nine components. Fortunately, this
term: is of little interest in the presénf work, and it is unlikely to be significant in the
helicopter noise problem unless the roter is driven by high-speed turbulent jets. It is
possible to derive several quite interesting general features associated with each of
thes: noise radiation mechanisms, such as velocity dependence and directionality.
How zver, this will not be done here. A discussion is given in Reference €.

3.2 SOLUTION OF THE GENERAL EQUATION

The :»lution to the wave equation is well known. If the right-hand side of Equation
(9) i: written as g(y), the sclution to (9) is

b = 'f[—‘*’-]dy T
41!02 ' ~

whe. 2 p = a fluctuating density

v = the distance from source to observer

= the coordinate of the source position

I~
i

- The symbol ~ unaer vy implies that y is a vector quantity. This symbol is used because
it roquires a printer to use heavy (Clarendon) type, as is usual for vectors. The
brackets around the g/r term are of extreme importance, since they imply evaluation
of +.eir contents at "retarded” time v =t - r/a0 . Because sound travels at a finite

spi-d through the air, sound heard at the same observer time from different parts of an
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exteir ed source must actually have been emitted at different source times. Thus,
unles. proper account is tcken of these retarded time effects, the acoustic calculations
are ir;valid.

“Althc:gh Equation (10) does give the solution in principle, the actual source terms on
the ri ht-hend side of Equation (9) contain differentiols, and Equation (10) thus re-
quire: some further manipulation before it can be used in any simple manner. Several
metheds of reducing Equation (10) to a more useful form are available {for example,
Refer-nces 8 and 18), but for the pres nt problems it is most convenient to proceed
along the following lines, which follow in part a method suggested by Lighthill.

We need to selve the equation

W(g) = - — o

where W represents the wave equation, and where the source terms on the right-hand
side ot Equation (9) have been specialized to include just the force terms, which are
the oniy terms of interest in the present helicopter problem. Consider the equation

Wip) = =~ F, (12)

-1 Fi
: 4n00 ~ ' . '

Differcrtiating (12) with respect to x. gives

E?pi -aF; 14
o) =

Compcrison of Equations (11) and (14) gives the solution to (11) as

9p, -1

_om 2 5], 0%
e dx, 2 Ox, r J
| 41'{60 i -
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The above derivation shows how the solutions 1o the vave eguqnon ‘for, ﬁg@f’éi}
may etsily be generated from those for o simple source g, _simply by differenticf
This method will be used in detqil in Section 3.4 1o aerwe\expfgwons tor,me ol
radiation from the fluctuating forces on the helicopter rotor.  Fewever, fnst’ ;
Equarion 13 will be used directly to give o convenient compu:er wrmuao Yor_colcy

:: cilon w ‘.f’x:‘ '.;:;e ;:;. 2n nv-h.irnl”v mcwmu RISt ..a.AL ‘- f?; S
- S 3.3 THE MOVING FLUCTUATING FORCE : R

3 : N If we now assume that the forces are in motion, it is convement 1o spemfy rhe forces o -
' in a moving frame of reference, for example, on the helicopter rotor. SuppOse fhct

3 ) - coordinates megsured in this frume ar2 defined by n and vhat the origin of these co-"7,
s ‘. ordingtes is moving with velocity o, M. Then, atary instant, the 1 andy cooscjmq*e

systems are connected via

n = y - Mgt N

However, in Equation 15 we are not required to evaluate the integral ot cw utvn? .,
Instead, the integral must be evoluated ot the appropriate retarded time T =t = 1/g,;
l 8., over

n o= y + Mr - Mdcf

Thus, in the coordinate fransfermatian from fixed to moving axes, it is c.\ppropnate to
use, as first suggested by Lighthill,

~

NS oy M ' {18)

This axis transformation also affects the volume element of the integration in {15), and
tha integral must be dividad by the Jacobian of the transformction -

O V. W T V'S B S

iaﬂ‘/?')fz 3’12/37: ans./a)’z
B, /8y, %, @,

B e e ey

where Mr = Mi (><i - yi)/'r ={M1(x‘ - y‘)-i- Mz(x1 -yz) +.M3(x3 - Y3)§ /r

is the component of the convection Mach number in the direction of the observer.
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Equation (15} thus becomes

b l ——E-,-— ---—-f..i-——— d
4 dd axi (1 -Mr) ) (17)

The derivati-= 3 /0 x, is operating on both an integral over n oand a retarded time

operator, beth of which are functions of x. Fer any function f(t),

[F(f)] = [F(t - r/ao)}

Thus, the partial derivative with respect to X s keeping n constant of f, is given by

the chain ruie as

ai [f] ) aif ) af' ;_ 9'%' (18)
i(n) i(n) i(n) "o
; d 2 IS4
Now ‘S-’;I % oyl L 5 -y
i) i) U1 i) 1
From Equation (16), 5 (x, -y.) =6, +M aaxr
| STCYEE I o )
Hence dr _ Y
ence, (?)(. = r(] — M )
i(n) r
onjd when this is in Equation (18),
X, =Y. 1
az H B aaxf. - r(ll -l:/\) o 'a'{" (9
i(n) i(n) rhoo

Now the orier of magnitude of the first term on the right-hand side of Equation (19) is
1/r where r is a typical distance from the source, whereas the order of magaitude of
the second term is  f/a; = 1/A where f isa typical frequency and X is a typical

wavelength. Thus, when the observation point is many wavelengths from the source, the
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I T

g g

g
:;
|
[ 3
|
i

first near-field term moy be ignored. Hente, whan (19) ond {17} are used, the: cxpruv-
sion for the tound radiotion in the far field due to an c:rbr_rzofdy moving: force cn*nbuh'

is ' -

_ ar- - - - : - F ’1
i Y R B~I'» -4 )’,
po= —— 7T M " "c:';_",,
4302, 1%:{ 21 ,.f‘ M;. i
- - ¥

S e

if desireq, *iwe time dmefenhaf or m; ke permr-—wr‘ ta give

- o

p; i j/i ";'7; SOF; . £, 2M
2 lg ril‘!\’s )2 Ial' P~ M 3¢
¢ £

¢

. L e ey, dM e
where . af = ar | {22>—. -

r

is the component of the acceleration {divided by co) in !he direction of the obsewer
Equation {21} was derived for the special case of ¢ point source . Note that both

Equations {20} and {21) apply only if the force distribution is not changing in size.
This will ba the case for helicopter applications.

Furthes discussions on the utitization of Equation (21} for camputer caicmnnm of ::_;
sound levels is given in Section 5.0 . In the nexi section, cnnlyhcsolunomfor thp -

noise rodiation from g helicopter will be given using methods which are on extension

of those presented in Section 3.2.

3.4 RADIATION FROM A HELICOPTER ROCTOR

As shown in Section 3.2, the sound mdiation from a fluciuating force can be found
from the solution for a simple source by differentiotion. In the helicopter, fluctuating
axial, circumferential, ond radial components of force occur. Rather thon calculate

the effects of each force component separotely, itisconveaniant ta .olve rthe problem for
the rotating simple source first and then just to differentiate in he appropriate direction
to getermine resylts for the various force components,

Suppose that the fluctyating source is defined by o Fourier series

@x
g8 = ac+z a,cos A8 + B, sin @ (23)
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~rallATT

Ml e RA L

the a—)g fe aromd the'rotor disc from the y=oxiz and 15 eqvca v {4,
1'she anqalaf \lchCu; uf ke zopor. It is convenient for the present prab ler
d.ﬂn. olw -y compiqsx f’gg{ H ;o

'“*e;sp\-'u';!.? B N - 3

Y = (akf ;gxf"{z’z 1 : .
AL = {a, -8R {(25)

b S R }& 'l"’- s

framform Equatxan (55} from y 10 n r;ocxdmmp; vsing Equchgn (zo}
i Lvo mqr used to obtmn Equchor {17}, we find that

t

In Q mantes

f{'ﬂ‘g’—"} dn . .. . | (26)

= ’gz P bos aisc been used.

Sp.cuahxmg fo o pamr ;ourca cquses the Emtegchm to vanish, for any hamonic
= funghcn fﬁe Fourier coafficients ara given, in complex form, by

’ 0
= + % I :
Cﬂ o xbn p Jffexpmur dt

whnrc the integro! is over any period. Replacing f by the point source version of
Equchon (26) gives the complex magnitude of the n' th ound hormenic as

S mt— E: d
n 2 T i.._M Ie)(p 'iQ (27)

" Now change from observer's time t fcsource time v by Y =t -rA_,
dt = dv{l -M) , giving
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7 2% o
’: :___.f ii.tcxo”t Q‘Llr'n !dﬁ
; where (17 has been reploced by 9.
It zon ve seen from Figure 14 that 7
I 2‘(? cos | 8-&)
where  x,y = Cartesion coordingtes with x clong the rotor axis
Y = the rodiol distance of the cbserver from the rotor axis ’
R = the effective radius of the point source )
$ = o reference angle hetween the y—axis and the obierver TED - :
If the observer is for from the roter, so that {,x + Yz} >> R ; then fquonon {29) mcy
be approximated to give
YR . ey -
r—r!-—r-l—-cos(G-q;; _60)
where o= f,xz + Y‘z}u' " is the distance of the observer from the rotor hub.
Using the approximation of Equation {30) and the source terms defined by Equation
(24) in Equation (28} gives
: : 2“ + A 1 nfdr i
. i h 1
: ¢ =— Z X exp it e - S aRYR e oglas
;: n 4 - 2 { Qg Qgfy 5
which can be written
: c - 1 2% *m@ A:\ S "6 R o }
.g n~ -—; E -—r—]-expnl(ns X '@)" cos { 'Q);d(e-Q)
L 4 A Ao
; nflr, ’
%
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H p . feo N . . - ' .
Since the integral applics ove: ‘('13:2/0! 27, it can be expressed in Bessel function
form, using formula 42 in M.

-~
T

2ﬂi—an(Z) =/ expi(rxe—z cos8)do (32)
0
so that
+ A , Q |
1 ~(n=X) h nQYR B AR
a3 e (208) o 28 ) g

A=-

Equaticn (33) gives, in complex form, the sound harmonics from @ point simple source
descriting a circular path. The equation could be applied directly to the calculation
of rotnting mass sources, provided that the time differential is observed (see Equation
(9) anc that proper account is taken of momentum output (see References 8 and 9).
Howev :r, we are interested in deriving the results for the force cases, which are

-aC + o \
n_ ~An-N) inQx A J nMy
dx ! 2 A n=A\r ‘

Ao o 21mnorI 1

Awxial

) to ) A nMy\
Circumferential 1. i—(n N Haz -R—ﬁdn-k( ) 34

Fadial

2na, 2

A=- 0

Only the far-field terms have been retained in Equations (34).

The prime on the Bessel function in the radial expression denotes differentiation;

M = QR/aq, is the rotational Mach number of the point force. Negative signs

must be applied in the first two equations because differentials are based on observer
coordinates, whereas the differential in the last equation is on a source coordinate.
Notation in Equations (34) must now be changed to specify the forces acting. The
three components by simple Fourier series are defined ¢
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The thrust, drag, ond outward compenents of force ore assumed to act in the axiat,
circumferential, and radial directions respectively. In conversion ro thrust, aminus
sigr most be incarporored becouse fne fosce on the a'r is in the negative x~direction.

Eauarions {34) are convertes 1o the reguired form using Equations (25). Note that
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where the caditional subseript A implies that only the one A loaiting barmenic 15 - LoF
considered. The complete sound field is given by the summation of sound rediated by
ali harmonics. s

3.5 COMMENTS ON THE RESULTS | o R

Equations (37) give the complete sclution for the sound radicted by fluctusting air- . = :
loads on a rotor. The results are limited in twe ways. First, the equations de nat . . 7 -
opply close to the rotor, say, within a few wavelengths or rofer diameters. Thisis™ .. - :
not importaat for most practicel noise problems. Secord, they do not include the -

effects cf blade motion. This point has beer siudied using the gencral compuater

orogiam based on Equation (21} and is clso studied anclytizaily in Appendix 1. "One™”

extremely important effect not axplicitly giver in £quations (37) is the effect of : :
blade rumber. If B blades are present, harmonics which are not integral multiples

of B will cance! out. Those harmonics which are muitiples of B wiil add. Thus,

the effect of blade number mey be included in Equation, (35} ond (37) by rep!cm

n by mB. In this case, the coefficients of the force harmonics must be taken as

fhe vulues for the complete rotor, which ere B times the volues for the individual

clades.

It is of particular interest to consider the case A =0 in Equaticn (36). This
corresponds to the case of steady loading only, as is assumed for @ oropeller.
Using A = 0 in Eguation (36) gives substantial cancellation, with the final result

¢ o0 aalxle Dot (28] |
r Zna-r\ l r M ‘ nay oo
¢ 1 ) 1

.vn YC

_i_na 0‘ aM , {‘an \\l
2‘50 (‘ —2';7' (ldr‘,-\ (———z) -un,?l\k——x) (38)
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The first term in the abtive equation is ideniical with the classical propeller noise |
solution due to Gutin, 3 while the second, the radial component term, is the same
as that derive i in Reference 9. The reduction of the general solution to particular
cases previously obtained is a helpful test of the mathematics.

The effect of forward velocity is also of considerable interest. In Reference 8 it was
pointed out how the equations for constant velocity convection of the hub could be
obtained from thase for the stationary case by replacing the term r, in the stationary
caseby r, (' - M), where M. isthe component of the hub convection Mach
-number in the direction of the observer. In utilizing this transformation, it is import-
ant to note that it applies to the retarded position of the helicopter. In other words,
the dimension r, used must be taken as the distance from the observer to the position
of the helicopter when it emitted the sound. Relation of the results to the instantane~
ous position of the helicopter requires another transformation. Details are given in
Section 5.1 cnd in the companion report.40 It may also be noted that virtually
identical transformations were presented in Reference 18, where it was also
shown that the above (1= M) correction term gave the Garrick and Watkins, 16
moving prope!ler result directly from that of Gutin, 12 for the stationary case.
Perkaps it shculd also be noted that the results of Equation (36) are not entirely new .
During the ccurse of the current study, a major new book on acoustics by Morse and
Ingard,” wa: published. Equation 11.3.20 of that book gives the sound radiation
by o. propeller in unsteady flow, which corresponds to the helicopter rotor case.
Only thrust and drag terms are considered in that equation. The results are derived
in o'rather different manner, but they agree with those derived here. No numerical
analysis of the results is given, but several additional points of interest are discussed.
A report by Amold etal %% alsc ireats a similar case, the problem of the "singing”
propeller in underwater acoustics. Here, frequencies other than the fundamental were
aliowed to oczur, and it was found that multiple frequencies were produced by fre-
quency modulation effects. Finally, a recent report by Lowson, '™ covers the related
case of jet engine compressor noise. Again, only thrust and drag terms were con-
sidered, but results were obtained by a method different from that given here and
are in agreemsnt. Analytic expressions for overall acoustic power radiation were -
also given which can be of use to the present problem.
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damenitals are covered in

ROTOR AEKODYNAMICS

1t was nated in Section 2.1 thet the bosic soyrce of hehcopter aolse is il mein ;~;--.,\_.f_
rotor {(or roters), and o brief discussion of the geaeral probiem wus

=av=s

is placed on the acoustic implications of each aspect of the problem.

The riotation in this section is somewhat different from that in preceding sections,

since an ottempt hos been mode to use conventional helicopter cerodynomics symbols
wherever possible {in porticular, following References 27 and 28},
this section that have different meonings elsewhere are listed below.

Q

Q

(XY

v

tift curve siope

coning angle, rods
blade chord, £
sffective root chord, ft
uffective disc area corraction = si - 52

1

blode twist integraizs =t &T

hermonic number

biade radial position, f

nondimensional radial station - r/R

station defining inboard end of biade

stotion defining effective outboard end of blade
blade taper integrnl 28 4 fsz 25- s:-l de
disc orea = wR?, ft?

longitudinal cyclic piteh coefficient, rads
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4.1 NOISE GENERATION BY AERODYMNAMIC FORCES

We huve seen in Section 2.1 that the major contributions to rotor noise are made by the
fluctuating [ift and drag forces which act on the rotor blades and are constantly in
motic::. The basic equation of sound genzration by an aerodynamic force in motion is
(Equc-ion 20)
.- Y. F. F. '
1 X; =Y, s aF, L, M,

at 1-M_ " ar .

r

p_

4 ag? |y r(1-M)? l

wher: the space integral has been removed, since the Fi represent a point force. Thus,

the scund pressure (or density) fluctuation at any point due to the force is a function
of its nosition relative to the observer (x; - yi)/r, its rate of change (9F; /9t), andits

_velcc ity and acceleration toward the observer (M., 3M,/3t). The F; are of course
the t'iree orthogonal components of the resultant force acting at the point y;- In

realiy the forces acting on a rotor are distributed pressures, and itisonly for mathe~
matical convenience that we perform an integration of these pressures to arrive at
equi-alent point forces. It is also for convenience that the net aerodynamic load on a
rotor blade section is conventicnally broken down into the two components known as
lift «<nd drag. It will be seen that these components are not particularly useful

for th.c numerical acoustic calculations, and furtherresolution, into a coordinate system

which is fixed in space, is preferable.

However, Equation (20) shows the informa- .
tion raquired for a sound calculation based on :
a single source. A helicopter rotor represents
a coriplex distribution of aerodynamic pres-
sures in space and it is necessary to make use
of a listribution of sources which lie on the
rotor tlade axes. The sketch shows how the
distrivuted lift and drag loads acting on the
blad«:s are simulated by a series of point
forccs. What this diagram does not show are
the variations and motions of these forces as
the t.iade rotates.
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The hovering rotor is relatively straightforward aerodynamically since the forces acting
on the blades are effectively steady. Provided the rotor is operating in undisturbed
free space . the flow is completely axisymmetrical, and there are, in principle, no
perturbaticns to change the steady forces as the blade rotates. In forward-flight, how-
ever, when the rotor is essentially sideslipping, providing both lift and propulsive
force for tie helicopter, the flow over the blades is asymmetric, due to a velocity
differentici over the advancing and retreating blades. Rotor control is obtained by
“cyclic pitch” change: which is the name given to the first harmonic variation applied
to the blace pitch angle as i* rotates. Since the relative air velocity over the blade
also has o first harmonic variation and since aerodynamic forces are proportional to
the square of the relative velocity, we muy expec’ to find at least three harmonics in
“the force {luctuations acting on the blades. This would be true if the flow through

the rotor v e-e uniform. However, due to the proximity of the rotor to its own vortex
wake, whizh is swept backwards under the rotor disc, the flow is far from uniform,

and velocity fluctuations are induced which give rise to very many harmonics of blade
toading. The calculation of these higher harmonic blade loads is an extremsly cc-1-
plex probizm which, to date, has been performed numerically only by digital com-
puters (for example, References 29, 30, and 31) and then with only limited success.
Such calculations were beyond the scope of this study and, as will be shown, would
not be jusiified in any case.

As a first -tep, a simplified analysis is followed which helps to clarify the genéral
problem.

4.2  ESTIMATION OF BLADE LOADS AND MOTIONS AS A FUNCTION OF
| FLIGHT CONFIGURATIONS ‘

One of tha main prerequisites to performing the noise calculation is to compute the
lifting rotor attitude in space, together with the coring angle which dominates the
blade flar:ping motion terms. A procedure by which this information can be accurately
derived foliows.

Force Balance

The startiig point in these zalculations is the flight configuration defined by:

W = aircraft grbss weight, Ib
V = forward velocity, ft/sec
CDD = {uselage parasite drag coefficient
& = blade section pr‘ofile‘ drag coefficient.
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When the rotor thrust vector is
assumed to be normal to the tip path
plane (and experiment has shown this
to be true to within 1° according to
Reference 27) and when the rotor
weight with respect to the total is
-ignored, the shaft inclination is

i =tan™! (—D—) ~ -9-
] w w

W

and the disc incidence is

. -1 'H+D)~H+D
ld tan (W - W . (39)

where D = fuselage drag and H = rotor drag.

Defining a rotor thrust coefficient Ct=T/0.5p A QR? , a fuselage pa;fasife drag
cocfficient CDp =H/0.5 pAV?, a rotor drag coefficient CHo =H/0.5 pAVZ,
Equation (39) can be rewritten

CDp + CHO

Cy

Pcyraezs (p. 202) gives
2
+

la} a

. .CH°= pl‘;";‘*’

2 2
a CTb

whi re 5280 ]*" l
"fgz +p? (21,2 +1 ty)¢

Ind..ced Flow

i <t

Wh:n the disc angle of attack is known, actuator disc theory is used to calculate
the induced flow through the rotor. The momentum relationship is
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= /2 2
T 2pAvo’/V fvo |

A refinement is obtained by introducing the concept of effective area which uses aero-
dynamic blad= root and tip stations to account for tip losses and the blade's ending
distance from the rotor hub, e = s; - 52, . Using this, the above equation can be
written

1
N [N +u?I? =Cp/4e (41)

A more realistic induced flow distribution is one that is not uniform but increases
linearly from the front to the rear of the rotor according to Glauert's classical
equation

N (x,¢)=)\i°(l+Kxcos ¢) (42)
wher"e K is given by,28
(4/3) (/N
ARV Y

and h is the tcial mean inflow, p sini+ Mo

Rotor Control Settings

Conventionai lade element theory is used to establish blade section loadings (see
Figure 15), : o

O = t?R-t‘} - Aj cosy - B, sing
where ﬁR is th - collective pitch setting,and A; and By are cyclic pitch coefficients.
The normal an- tangential velocity components are, putting - = r/R;
- : o - x % ’
Up QR
U = QR (s + u siny)

The lift incremznt dL on the blade element of width dr is

1 2
dL ="'2"p(U; +Ur) Cedr

‘-1’—;- p U; agacdr (since Up << Uy) (43)
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- - |18 ) 1’.5 - -
{ 1 2 , :
- ‘;(»sz "’zp‘} At A K s* cos P .

3 (44}

This analysis assumed zero coning angle . If the coning angle is o,, then the inflow
X is increased by a factor p o, cos . Thus,the coefficient X; Ks is increasad to
s

i Ks T g o, ). This introduces the edditional terms T psa, in the cosg bracke?

(A

and + 1,2 2 g, in the sin 2% bracket.

The blades adopt @ "coning” angle to balonce 1ift end centritugal forcas {in the case
of the conventio: st hinged rofer); and when moments cbout the flapping hinge are :
equcted, it is found by the spanwise integretion of the steady term of Equation (44} that
A T -IL RIY
-k‘TéR (f“r'é'p fz) s kz-!‘pal*')\)ta ‘
gy = {45}
Y

Since this analysis is conducted with respect to the rotor disc plene, i.5., the “plone
of no flapping”, the first harmonic section loadings must integrate, over the length of
the blede, to zero. This yields two further relctionships

{ptye Th Kt}
L (46)
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Finglly, the 3" eady temn of Equation 1#4) 15 infegreicd fo yicld *he tolal ratar vhrus
. .

“MOon {or The colisative Diton: -

Equotions (48}, {47;, (45}, and (&) are solved segquenticily, in thot order, for
’3&, 31,0.3Qnd A!x

As noted pravicusly, these guontities ore derived with respect to disc oxes. ¥ the

cyclic pitch cosfficients wre zequired with respest to the haft axes iwhich is mere

rhysicolly meaniagfoll,the faltoning marniormaiioas »ust be pplied.

=LA - 1 = -
A.(s FyTby and 8,78 oy,

whate 5;5 and ay_ ore Happing coefficients measured ralative to the shoft axes, In
this case,

L)

=1 [da o

w
8
w
r
M.'
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4.3  LIMITATIONS OF SIMFLE THEQRY

The simplifisd onalysis of the preceding section has been used to caicuiote the con-
trol settings and blade loods for the H-34 helicopter in a variety of flight conditions.
The computed results hove been compared with *he experimental date fiom Reference
21, and some of the comparisons are shown in Figures 16 *heough 18, Figures 1é{a)
threugh 16{(d) are the voriations of disc angle ¢f citack ic" collecrive pitch 19‘. ans

cyclic pitcn coefficients A, ane B with advance ratio L. Tre most noticeatie

s s
feature of these plots is the apporuntly lorge scatter of the experimental date. Hew-
ever, it shauld ve ncted thot these points correspond to ¢ large number of flights of
the same helicopter under different armospheric and locding conditions and siightly
different rotox speeds. No aftempt hes been mace to narmalize these resoits,
although such o step would probabiy reduce the scatrer somewnat. The mair reasor
for not doing so s that insufficient information is avsiiacte in Kefsrence 21 1o par-
form un sdoguate narmalization. However, in spite of this scotter, it can be sren
that the agreement between meory and experiient is foir.
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Figu-es 17 and 18 show the sine and cosine components of the first ten blade section
airlcad harmonics for the twe advance ratios p = 0.15and p =0.30. The experimental
poin’s were obtained by the intcgration of o chordwise distribution of differential pres-
sure measurements and therefore represent the normal blade section loading. The theo-
reticai curves represent section lift loadings which ure not exactly aligned with the -
normal force, although of course the numerical differences in these two forces are very

smal! .

o R T R R L

In both velocity cases, the agreement between theory and experiment is good for the
steady loading, fair for the first harmonic components, and poor for the second har-
monics. Little can be said about the third harmonic comparisons, since there is very
little correlaiion. The simple theory of course predicts no harmonics gredter than the
third. This is quite clearly unrealistic, since the omplitudes of the harmonics up to the
tenth are seen to be significant experimentally. The main conclusion io be drawn from
this comparison is that the simple theory based on momentum concepts is adequate for ;
the calculation of rotor performance parameters such as thrust, disc angle of attack, ;
coning onglc, and control settings, but it is quite inadequate for the prediction of
the Larmonic airloads which are so vital to the noise problem. ;

4
]
k4

The deficiencies in the methed are fairly obvious. It is important to remember that the
mom:atum theory is simply o crude analogy for the induced flow through the rotor and
that the main justification for it is that it gives good agreement with experiment in per-
form:nce calculations. To obtain a more realistic picture of the induced flow, we must
turn to a consideration of the rotor wake and of the vortex sheet theories. 'Again, in a
somewhat crude fashion, it may be considered that if the circulation about a certain
length of blade changes instantaneousiy, then an elemental vortex, of equal but
oppesite strength to the increment in the bound vortex, will be shed from the biade
with its axis parallel to that of the blade. Further, if there is a differenca in the
circuiation about two adjacent segments of the blade, then a vortex will be trailed

_ from that intersection, with its axis parallel to the flow, and with o strength equal to
“the Hifference betwesn the two bound vortex strengths. Now, in practice, the liftvaries
continuously along the blade radius as the blade rotates with a corresponding variation
in circulation. Thus, thewake behind each blade may be thought of as a lattice struc-
ture of shed and frailing vortex elements. In fact, suchamodel has been included in a
digital computer program for the numerical calculation of vortex wake effects,®0 and the

sket:h on the following page illustrates the concept.

If this wake structure could be accurately and realistically defined, then the induced

flow in the vicinity of each rotor blade could be calculated by summing the velocity
components induced by each vortex eleme.  Although this method represents an order

of magnitude of improvement over ecrlier attempts to account for the woke flow (which

wer: necessarily oversimplified in the absence of powerful computing equipment), it has .
been frustrated by further factors which are difficult to include. One of the funda-

merntal difficulties is that changes in the bound vortex strength do not, in practice, occur
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_ " Yin-discrete steps. All shanges are continuous and the real wake behind the bisde is o

SRS " _vortexsheet, o continuous surfoce of vorticity. However, this sheet is unstable and
: = oy iswell_known, relis up into at least one vortex tube, and passibiy more. Each

;7 iube moves -away from the rotor in the form of o helix, which, because of inter-

‘actions betwaen diffareat vottices, opidly becomes distorted. Although in principie

it is pomsible to colculate these distortions32 the avarall nreblem becomes immensely

wlex . Furtharmore, the hasic helical vortex shope, even in hover, is unstable for

- pitches below 0.3 (Reference 33).

¥

SR : 2= The above discyssion iHustrates just one of the problems. Further difficutiies include

. -. " compressibility effects near the odvancing blade tips, reverse flew over the inboard

B - - " end of the refrecting blode, blade stall rar the retrecting biade fips, ond inter-
o farence sffects betwesn the rotes and the fuselage and between rotors.

. e e -

N : _A factorwhich has ¢ profound effect upon the wake colculations described cbove, and which
T : “alsc has ¢ direct influence on.the mdicted noise, is the dynamic rasponse of the rotor
biads. Blade mountin - mechanisms take a variaty cf forms, the most complex of which
is the flap-log hinge system. In this system, the blode has freedom of rotatior cbout its
oot bath in and out of the rotor plane . Further, the blade is flexible, and thus bends in
normal and transverse directions and twists obout its pitching axis. The fluetuating
airload environment couses oscillatory motions ir all these degrees of freadom. Aero-

- dynomically, thesa mations modify the applied cirloads and subsequent vortex shedding
.actions, so that the antire blade loading /response ‘wake s;stem forms c closed-loop prob-
lam. Acoustizally, the blods response genarates sound directly through the motions of

_the gerodynomic noise sources, in addition to the indirect consequences of the modified
airloods .




4.4 AERODYNAMIC LOADING TERMS FOR INPUT TO NOISE CALCULATIONS

During the present study, considerable effort has been devoted to the development of
simplified methods for the estimation of realistic cirload and blade mation input terms
for the acoustic calculations. The besic aim of this work was to devise semiempirical
techniques to extend the simplified analytical approach of Section 4.2 to zover the
higiier loading harmonics. The analyses were programmed for digital computer sl .-
tion, using normal mode structural response theory to calculate realistic blade
motions in all degrees of freedom ‘rom the estimcted loading distributions.

For rwo reasons this approach had to be abandoned. First, a thorough study of avail-
able experimental airload dota +34 revealed no accurately predictable trends.
Secund, as the ccouslic study progressed, it became increosingly clear that (1) a very
largz number of loading harmonics are required for the calculation of o moderate
number of sound harmonics, ond (2, *he loading fluctuations must become increasingly
rancom as frequency increas:s. This is to be expected from a consideration of the
turbulent flow processes which generate these higher frequencies.

It is clcar that new information is required before firm c.r..lusions can be drawn re-
gariing the accusticaliy important characteristics of the blade loadings. Continuous
reccrdings of blade seclion pressure differentials should be acquired by o' system having
an sudio frequency range, and be subjected to o power spectral density analysis,

‘rather than a [ eurier analysis, to determine not only the load harmanic amplitudes

but ilso their ba.d.vidths. This subject is discussed further in Section 5.2 and Appen-
dix 1. Mevartheless, it hos been possible to draw tontative conclusions from an
exantination of the first ton harmonic amplitudes experimentally measured and re-
por:-d in References 21 ond 34, '

Dat. from these references are presented in figures 19 ond 20 which show a selection

“of &5~percent-radius section loading harmonic amplitudes, plotted against harmonic

number, on logarithmic scales. These plots suggest that the harmonic decay follows a
pow =r law of the form

- -k
Fy = Fo 2 (49)

where N is the harmonic number and F)\ = V L: + Mrz‘ is the section harmonic

loocing amplitude . F is the steady component of the section loading. Consequently.
straight lines have been fitted to all plots for the available forward spead cases (steady,
leve! flight), enabling the loading law exponent k to be calculated in each case.
Figure 21(a) shows the exponent values plotted against advance ratio u. A line has
bec sketched through these points, but in view of the scatter, there seems to be little
poirt in assuming any departure from the value k = 2 for all speeds. The most sur-
prising feature of these results is the reiative constancy of this loading law. Despite
expzctations of an increose in the higher harmonic amplitudeswith forward speed, no
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such trend is noted. The harmonic amplitudes are practic_lly as great in the hover as
they cre ot the limiting advance ratio of 0.3. To study this pheromenon in more de-
tail, a second set of straight lines was fitted to the harmonic amplitude plots, con-
straining the lines to pass through the second harmonic point, which, even by the
simple theory, is predicted to rise rapidly with forward speed. The alternative loading
law exponents derived in this manner are plotted against advance ratio in Figure 21(b).
More variation is observed this time, and the sketched curve bears a remarkable
resemblarce to the rotor "power required” curve (compare with Figure 16(a)). The
significance of this has not been established and, because the scatter about the fitted
straight iines was somewhat increased by this procedure, the point was not pursued.
It shculd te noted that although the bulk of the results were derived from the H-34
data of Roference 21, four cases were available in the UH-1B data of Reference 34.
The close agreement between the two sets of data is of aonsiderable interest, since
the two rotor systems are very different. The H-34 has a fou--k!ade articulated rotor
of 58-ft diameter, and the UH-1A has a twn-blade teetering rctor of 44-ft diameter .

Figures 19 and 20 give results for a single position on the blade at 0.85 span. It is
of interest to look at the loading variation along the span of the blade which is
shewn in Figure 22. Local sectional force coefficients in the various harmonics are
plotted. The immediately obvious effect in Figure 22is that the higher hermonic load-
Ing coefficients rise toward the tip of the blade. In terms of power laws, the results
vary from an inverse square law based on second harmonic near the root to an inverse
first power law at the 0.95 span location. Based on the steady looding cosfficient,
the three inboard stations correspond to ubout an inverse cube power law, while the
three outt:oard stations correspond to un inveise square. Since the outboard stations
" are much more effective as producers of sound, this effect provides additional justi=
fication for the use of an inverse square law based on steady loading in the final cal-
culation.

The fairly wide variation in harmonic ievels should again be noted. For instance, all
sections have second harmonic levels close to 0.003, except one at the 0.85 station
which shows an increase by a foctor 3. This increase in second harmonic level is not
observable at the 0.75 or the 0.9 station, and it is further evidence of the highly
localized nature of the loading forces even for the low harmonics. Similarly, the
0.9 station shows an exceptionally high level of the fifth harmonic. While it Is pos-
sible that part of these effects may be explained by experimental error, it seems
probable that most of the observed effects are real. For instance; the very high level
of second harmonic is observed at the 0.85 station for all the low forward velocity
cases given by Scheiman ;? 1 this suggests that some repeatable vortex pattern is the
cause .

It is also of interest to look at the measured loading effects for some rough running
cases shown in Figure 23 in comparison with the hovcr case in Figure 22. Note that
the rough running cases huve higher levels of the higher harmonics. The
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roug h runmng cases a'so generally have much lower second harmonic loadmgs, whizh
resuirs in power laws based on the second harmonics always being at inverse first ower
law or higher. The power laws based on the steady loading show less effect, but n is
thought rhat for these rough running cases it will be overconservative tc use laws

based on the steady loading. On physical grounds, it is clear that for cases where

the shed vortex passe: very close 1o the blade, there will be an impulsive loading
applied, which will tend to produce ail harmonic loodings with rouchly equa:
magmfude. It is fenfahvely sugyested that on inverse first power ioading law be

used for the rough running cases which would include bhlude slap.

The power laws discussed above appear to give the amphtude of the loading harmonics
with reasonable accuracy. However, as will be discussed in Ssction 5.2, the phase .
of the loading is equully, or perhaps even more, important in determmmg,_the sound
radiation characreristics. During initial work on this project, attempts were made to
predict the phase of the various loading harmonics as a function of span. This was
founc to be impossible; no coherent picture emerged, as is shown by typical plots, -
agair: from Scheiman's data, Vin r ‘igure 24. Clearly, the best assumption. is of
randem phase, particuloriy ai the higher loading frequencies. This introduces some

mathematical complexity, ard fhe oppruach w'iich has been used is descrnbed in
~Section 5.2, - . . : :

3

Effect of Blade Vortex Interactions

It wai noted in the Introduction that a primary source of fluctuating airloads on the
blad:s is their passage over, or even through, a concentrated vortex trailing from
another blade. It is worthwhile at this point to consider the form of the rotor wake
geometry, since itdoes havesuch an important influence on the noise problem. As
discussed in Section 4.3, the vortex sheet shed by -a blade is unstable and rapidly
rolls up into at least one concentrated vortex having an apparent origin near the
blade tip. Infact, its precireorigin varies as the blade rotates, and itdoes lie a little
inboard of the blade tip. However for th. present purposes it is satisfactory to assume
that each blade trails a siagle vortex from its tip. Furthermore, it willbe ossumed that
each element ¢f the vortex remains at the
precise point in space where it was shed.
The plan view of a single vortex therefore
will look something like the accompanying
sketch. The radial station s of the nth
follmving blade which intersects the vor-
tex is given by the simultaneous equations.
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u¥ sing = sin (2;” -w)
(50)
- co 21tn)+ "
x cos {—g uW¥ cosy
where 4 = 2en/B + ¢ - By v
and Z.'E'_'l = the angle between the two blades, wheré the

symbol: are defined in the sketch. These equations were solved numerically on «
computsr for a variety of rotor configurations and advance ratios, and the results ore
shown ‘n Figure 25. The curves in sach case represent the loci of biade/voriex
interse-tion points on a single blade as it rotates, The number on each locus corresponds
to the -equency of preceding blades. For example, in the top left-hand diagram for
b=4, 1=0.1, the iumker 1 corresponds to the intersection point of the vortex shed
by the blade whucn leads the reference biade by 90 degree.; 2 is the blade leading
by 180 degrees, and so on. Only the first B vortices ure sk wn for clarity, so that
the ‘ast curve in each case rupresents the intersection of the blade with its own

veitex shed earlier. Also, the vertical displacement of the vortex from the blade,
which of course is not shown, will generally increase as the number increases, so that
the higher numbered intersections will have a decreasing influence on the blade loads.

Results are shown for rators having 4, 5, and & blades moving at advance ratios of
0.1 through 0.5. However, the results for 2 and 3 blodes can be seen in the plots
for 4 and 6 blades as alternate curves. This is the reason for the alternate broken

lines i those cases.

The mcst obvious feature of these results is the general movement of the
intersection points to the repion of the disc corresponding to low values of ¢ as
forward velocity increase:. More important than this from the standpoint of loading
fluctuctions, however, is the decrease in theanglesbetween theblade and the inter-
section loci. Since it can be assumed that, near any intersection, local section
loadings will be strongly influenced by the presence of the vortex, these loci indicate
the mciion of loading peaks (er troughs) along the blade. As shown by the general
acoustiz Equation (21), aerodynamic forces in motion generate sound which increases
rapidly with velocity and acceleration. At low advance ratios, the curves show that
the metion of these forces is relatively low, of the order of half a rridius in half a
revolution. This corresponds to a convection Mach number along the LiaJde of the
order of 0.2, It is clear that as advance ratio increases, this convecticn <peed in-
creases. Typically, at' p =0.5, the intersection. move half a radius in 10 degrees
of rotation, corresponding to a convection Mcch number of the order 2.0,




Thus, this fairly crude consideration ;hows through Figure 25 that even at moderate
advance ratios, blade vortex intersections can travel along the blade at supersonic
trace speeds. Such supersonically moving forces are efficient generators of sound, and
it is interesting to consider that blade slap, for example, could be gererated by this

i ind of mechanism. Although such an approach has not been taken in this study, it
would be possible to perform an analysis of the sound generated by a blade/vortex

intersection in arbitrary motion.

Physically, of course, arapidly moving intersection corresponds toa loading fluctuation
which is practically in , .ase along the entire blade, effectively a distributed impul-
sive sound source. Viewed in either manner, it is important to note that such a source
will be highly directional with a marked lobe pointing near to the direction of the
“blodz axis. Thus; blade slap generated by this mechanism may be expected to peak i in
azimuth directions within the first quadrant of rotation.

Figure 25 shows a cnntour plot of an airload distribution measured by Scheimanz‘

for ¢ four-blade rotor at an advance ratio of 0.29. This was plotted by computer using
Scheiman's data directly . Superimposed on thisg! stare theblade/vortex intersection
loci for B =4, u=0.29. The effects of the vortices cre rflected in the loading -
gradients, remembering that increased angle of attack ‘s to be expected outboord of a

vortax location,
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5.0 COMPUTATIONAL METHOU, AND ACCURACY

5.1 SUMMARY OF COMPUTATIONAL METHODS

Two digital computer programs have been prepared during the course of this study for

the COC 3300 Computer to calculate the sound field cf a helicopter rotor. The develop-
ment of the first of these, code named HERON 1, was in fact one of the primary objec~
tives of the investigation. This progrom is completely comprehensive in that it calculates

the scund field generated simultanecusiy by an arbitrary number of rotors of any dimensions .

For ecich of theserotors, the program accounts for the aerodynamic lift and drag section
loadings, articulated and flexible blade motions in all degrees of freedom, rctor geomatry
inzluding number of blades and rotor diameter, and the attitude and motion of the roter in
space . From thisinformation, the program computes and outputs the amplitudes and fra-
quencies of the fundamental rotational noise component and its harmonics ot any specific
point in space. Both geometric und acoustic near-field effects are included so that the
result is accurate at any point. '

Program HERON 2, on the other hand, was written specifically for the direct numerical
evaluation of Equation (37), which, as discussed in Section 3.4, is a closed-form solution
for tha for-vield snund of a rigid-rotor system whose only admissible blade motion is
steady coning. However, as will be showr in Section 6, this solution is satisfactory for
practical application in the study of helicopter noise, and this second program has proved
to be useful in aiding a general understanding of an extremely complex problem. Unlike
HERCTN 1, this program was written entirely as o special-purpose mathematical tool and
has been revised and refined to perform a wide variety of computations based on Equa-
tion {37). Consequently, no general-purpose version was developed.

Progrom HERON 1 is described in detail in the companion reporf.40 A complete speci-
fication including cperating instructions is included. The discussion in this section is
limitcd to some of the pertinent fec*res of the computational method together with some
notes regarding accuracy . ’

The acoustic Equation (20) is defined in a ccordinate system which is fixed in space
with « distributed acoustic sourze in ~rbitrary inotion relative to a stationary medium.

©
H

1 X, =¥ d F
f ! —_— - dn
2 - - ~
41rc:0 a,f (1 Mr) at r(1 Mr)

wherc n is the position vector of the aerodynamic force having comporents Fi .

,~

The s.und generated by a rotor blade in motion is the result of that motion and the dis-
tributad aerodynamic pressure acting over its entire surfacz. For numerical purposes,
howe. sr, it isnecessary to simulate the actual distributions by a radially distributed set
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‘of point loods, as is commen in rotor aerodynamics. Further, it is convemenf tospecify
thes:: point loads as having orthogonal lift aid drag compenents normal to the blade
axis, ond acting at the same point. When one knasws the orientation of the blade in
space, cs a function of time, it then hecomes a relatively sfrmghtforv.nrd matte: to

resoive the lift oand drag into the three components F defined in Equohon (20). Strictly
ther, Equation (20) should be written

G i

D B ' B 1)
4y '

cor(l-Mr) at r(l—Mr)

where the tensor subscript applies to the three fixed coordinote dcrechons, ond thes sum-
mation is carried out over all assumed radial loading points (ond over all blades)

addition, the near-field pressure fluctuations are calculated according to Equuhon 18 of
Reference 8, which is

3
4.

1 1 il o) oM ]
2 a-mpe | a-my T

C )
To evaluate Equations (51) and (52), the summations have to be performeci at the appro-
priate retarded times (which the brackets denote). This is simply saying that we
have to calculate the sound pressure at the observer position X. ) due to all the the

1

aerocynamic forces F. acting at the point Y; on the rotor system when they generated

the ccoustic dssturbances, which all reach the observer at the same mstanr The. ‘
accompanying sketch shows clearly that the sound generated by a number of points on -
a rotor at the some instant does not
necessarily reach an observer at the
some time. The arrows denote the
distance travelled by the sound
originating from each point when
the first sound reaches the observer.
Figure 27 shows the computed posi-
tions of the blade axes of a four-
blade rotor corresponding to the

_ RIS, : appropriate retarded time of each
blod: element. The sound generated by each element when it was in the position
denoted, arrived st the specified observer position at the some instant.

FLTRE:

3

k4
2
]
Eﬁ
f i,

The cbserver positions and the rigid body motions of the helicopter (in terrﬁs of its posi~
tion, and linear and angular velocities) are definedwithrespecttoaset of "ground axes"
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-which ar.. fixed in space. For convenience, al! blade loadings and motions are speci-
. fied wit: respect to o set of rotor axes which are parallel and normai to the rotor plane

of rotatitn and whose origin is coincident with and moves with the rotor hub. The

:ozlmufhcl variations of all section airloads and motions are input to the program either

os time Fistoiies or as sets of Fourier coefficients. By performing the oppropriate axis

"transfornations, the coordinates of each blade element and the force compecnents acting
“upon it can be defined with reference to the ground axes in a form suvitable for direct
“input to Equaticns (51) and (52) as a function of time. All that is required to perform
" the summations involved in those equations is the correct retarded time for each blade

‘element.

. This is cclculoted by an iterative procedure. For uniform linear motion of the rotor,
‘the retarded time for the hub itself can be obtained from the equation

& =y)y. + o 1. =y.) y. 12 +1% (@2 -9%) ,
bop o= ) Iyl an i 1 0 t | (53)

2 52
% ¥

‘where the y, ore the coordinates of the rotor hub ot time t. This gives o good approxi -

‘mation to the retarded time for the most inboard blade station, which is then found by
‘iteration. The converged value is used as starting value for the next blade station,
and so on, until all have been determined.

The sound pressure ot each ohserver position is calculoted as a time history at @ series

‘of equal time intervals over a total period equal to the rotor rotationai period divided

‘by the number of blades. This is the period of the fundamental sound harmonic.

Starting <t time t =0, the retarded times are calculated for all blade loading stations
‘on all blcdes, and Equations (51) and (52) are evaluated to give the <ound pressure

p(0). The process is then repeated for t= At 2At... , and so on, until the complete
‘time history is obtained. This is then Fourier analyzed to give the omplitudes of each

'sound hormonic.

‘Numerice! Accuracy

The implications of simulating the distributed aerodynamic loadings by a set of discrete
point forces are fully discussed in Section 5.2, From that point on, the computed results
are exact within the numerical accuracy of the computer. For sound level calculations,
this is sor-ewhat limiting due to the very large dynamic renge of the hearing mechanism
of around 140 dB in sound intensity. Due to the limitations of the computer word
length in the machine used, the useful dynamic range is only around 90 dB. However,

for most practical purpozes, this is more than adequate.

Another cuestion of accuracy arises in the specification of the airload data. The num-
ber of sound harmonies computed by the program is cpproximately m/2B where m is
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the nur:ber of azimuth stations used fo define the azimuth variation of loodmg and
motion and B is the number of blades in the rotor. Since m values are sufficient

to acccmmodate approximately m/2 looding harmonics, the program effectively cal-
culates 1/B times as many sound harmonics as leading harmenics. It wil! be seen in
Sectior & that a certain number of loading harmonics can lead to the accurate com=
putation of somewhor less than 1/B times as many sound harmonics; therefore, the pessi-
bility of error :n the highest harmonics must always be borne in mind.

Although the program contains provisions for helicopter plfch and roll angulor velocn-‘
ties, it is assumed that these do not result in any change of flight direction'during the
entire ~onge of retarded time, which is approximately equal to 1/B times ¢ totor

rotational period. This assumption avoids very considerable computational complexlfy

and is believed to invelve very small errors.

5.2 ACCURACY CONSIDERATIONS - EFFECTS OF RANDOM LOADINGS

One of the principal requirements in any numerical study is, of course, that accuracy

be obtcined in the answers. In the present approach, the availability of two.indépendent
methods for calculating the noise has acted os a powerful check ogainst computational

errors, but several exiremely important and rather subtle.points uffect eithet method
eaually. Infact, it willbe shown that the la -k of detaiied experimental knowledge of
the higher harmonics of helicopter noise can eusily lead to the introduction of errors.

These crrors result from the nature of the assumptions mode to cover the Iocfc of experi~

mental data and are by no means obvious.

It was shown in fhe previous section how actual blade lift and drag locadmg dustribu-
tions are represented, for the purpose of numerical calculation of the sound field, by
a finitc number of discrete goint forces. At this point the question arises: how, pre-
cisely. is this simulation performed in terms of numbers and distributions of the point

loads?

If we knew the actual pressure distributions en the blade surfaces as a function of time
orblade position, with sufficient aceuracy, it is clear that _the most accurate.
solution would be to use o very large number of loading points, both tadially and
around the azimuth (or in the case of harmonic representation, the maximum number
of Fourier coefficients for euch radial position). It is equally clear, homavar, that
(a) we zannot define the actual blade loadings with sufficient accuracy to jusﬂfy
more than a certain number of radial and azimuthal intervals (note that the use of
1-degree and 2-degree azimuth intervals in previous investigations cannot Improve the
accuracy over the 15-degree intervals for which the loadings were originally specified;
the higher harmonics yielded by this technique are in error),and () it is necessary to
minimize the number of points for computational expediency. In the present program
the azimuthal interval defines how many sound harmonics we can calculate, whereas
the racial intervals govern the accuracy with which they are calculated . Therefore,
for a given number of sound harmonics, the required azimuth interval (or number
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of lca-.:iing harmonics) is fixed, anditonly remains to optimize the number and distribu-
tion «f radial loading points in order to obtain adequate answers. Letus consider, then,
some of the relationships between the loading distributions and the sound which they
generate, ‘

Toking one pair of results from Equations (37) (specifically for n - A even), and
dividing the cosine harmonic by the sine harmonic we obtain the following result

x b

T -2 - = e )
nA r nM 2r 3 :
= ' (54)
o) . W) XD () ’ b, ~ ()
NA Ll | - co—— L W, 1
. AT nM 2 o AN 3

wiiere nMy N My

Y ] - 1 -—;—-)

nM

14 A nMy
— - (=1Y (r+1) Jn+)\ B
r . e /o
nMy ( nMy’ N nMy 1 nMy
i = oo ( )‘ Ja-a-1 “:‘) R SLD A AV (—"r )'Jn+x-1( - )

r

J, = ("')‘)Jn-)\ (

__n is the sound harmonic number and A is the loading harmonic number (where the rota-

tioncl frequency is the fundomental). The coefficients 'i:l:; and bn)\ are the in-phase
and quedssure amplitudes of the nth sound haimonic that are oﬂribufa’.ﬁle to the
Ah looding harmonic. The Ath loading harmonic is represented by the coefficients
LY b; 7 etc., which correspond to the harmonics of a point force acting somewhere
on the blade. The radial location of this force affects only the valve of M, the rota-
rional Mach number, which is directly proportional to radius. Equation (54) gives
the phasing of the sound harmonic sirce tan ¢ = (0 /b ), , where the suffix

C e . . nAR nA “nk’R
R applies to the force acting at rudius R.

We :ee from this equation that if only one force is acting {(having thrust, drag and
radial components), the phase of the sound harmonic is essentially independent of the
point of actien of the load, apart from a minor variation due to the effect of M on

the drag term. Similarly, if mony loads, actinig on the blade at different points, are
’n phase with ecch other (i.2., o\/b)\ = constant), rhen their contributions to any
/
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Hcmcvc', if the various !agas cre not in pho;e mrh e«:cn o:tu:rg o u‘ rbe rufxgs . ?' R
9 1%0 e anrd bJ\T \D ' XC are n¢t co- wtant, then fhephqses tan (cn)/b A S
vary with 1, _ : ?” - _ 4_ - -

-

The com:qu:ence of this is that iF the barmonic. leading s in phasc al:mg ‘*he b!cde, ir
can be quite accurately represented by o single loading point if the correct forces {for
example, the integrated blade thrust, drag, and outward comprnent: hqrtnon_:wczs) cre
applied ot the Cfé“ﬁc' point. This is precisely what has been «.ne in sccepted propel- -
ler noiss theory, and it aliows considerable siriplification of the co:nputoﬁcns. It

is important to note, though, that the effective loading point is o function of Aandn,
and thus it takes on-many different valvaes in-g-complete-caleulation-for olt X and.n.
However, if the looding is not in phese, then an effective single toad would have to'be -
specified in terms of position and phase tor each field pomt, which gs ODVlousiy xmp'\lc’
tical.

. - - ea

\.‘
Unfortunately, cs we have seen in the cose of the helicopter, it is only the sreody .
loading which remains in phase along the blade by definition}, the phase of the har-
monics showing increasingly greater variaticns as frequency increases. ‘As a ganen:! =
rule, it seems safe to suy that the higher the lcading harmonic, the more (odtolly dis-
tributed the point loads must be for accurate sound colculation. It is equally certgin
that, under the present stote of the ort, we cannot define the loading harmonics
with sufficient resolution to satisfy the requirements of the acoustic theory, since the
final results are extremely sensitive to loading phase, us will be seen in Section §.

Fortunately, due to the nature of rotor aercdynamic loads, we are able to simplify the

problem in o monner which enables us to make reasonable estimates of the sound field
up to very high harmonics of the blode passoge frequency . The basis for this simpli-
fication is that the flow processes which cause the fluctuating airloads become -
increasingly random as frequency increoses. This is apparern: from experimental dotc 5
on the first ten loading hormonics (Section 4.4} ond iz cleorly true of frequencies of _*‘

1
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the woke tuchiulence. Eaperimentally, thiscandomness shows itself os o iack of repefi-
“=hon of resul{s, either in successis € experiments or In succsssive hlode revoiutions.
o nqmple, itan electrizal signal, which is proportianal to the blade section
"bodmg orgny siction, were passed ﬁrougn U very NOrtaw TiiTer 10 exirecd Al gt
igular hormonic jevel, the dutpul wouid ke seen to flusivaiz in omplitude end phese.
o understond e xmphcahor& ot a random loccmg varigiion olong the blade, c:"s:der
“"‘ o Y "”':"' "f"" ;‘E "\P‘Hflhf "‘ 05

,-c‘. be:
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"AN hmm rhe wmc root mom square.» value’ (M} over the range of interest. Consider
first ﬂ'm simple; straight=line case (A). Suppcze that this is divided into (say) 100 ports
odcﬁ of length R/100, Then eozh part will contribute one 100th of the total integral.

T Nowlin'wound colcuiohmg, we must take the squcre of the recult. if we odd each con-
hlbuﬂon and then square, the resylt will be R*H ; but if we squore sach contribution
and rhonadd the result will be R® Hz/}OG in othcr weids, the value of the sum of the
1qudres can be mode as :maii as we like by taking more ond more elements.

Next consider the curve B, which is o perfect sine wave. Divide thiz into 100

_ pieces, ond gdd, The r;suh is edonhcoﬂy zero; but if we square ecch contribution
‘émd then qdd, the'result is ogain R? H2/100. Thus in this case, the result of taking the
sum of the :quares is clways greater than toking the square of the sum. The difference
lias in the relative phosing along the length of the curva. The straight

line was all in phase, 10 each segment added to its neighbor. For the sine wavs, all

contributions cancelled exactly. Curve C shows o further case where the sine wove
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15 incompiere, Cleariv, thesum ef the squares will again be closely equal 10.R7 #5100
while for o direst summation, thewhole contribution of curve & will cuntel @cep!

the last uncanceiled part engie. e e e

Thaes simnie coRsicerasions tisiy i eeis the azaustics problem . Suppote o dood”
harmomic is taken to be in phase over the whole biade span. Becouse of the rerarded
time effects, radiotion from siifecent paits of the spon will reqch the observer of dif

ferect times, Thus, the in-phuse ioding o put Soaames o7 it ~phsse atenstinrmsail
In orher words. curve. like Acre transformedinto curves tike B or G vio the-acoushic..
retarded time effects. Fortunciely, however, in the integrared result Equation {54},
there is no phosing dependence on radivs due to the acoustics. Bu: the looding phase =
effects are still of extreme importance. It is well known (s¢e Section 2.1) tho- these - -
blcde loadings can be very localized, being the resoit of vortex intsrastion effects,

co that it is extremely unlikely that they are in phose over the span. The most con= "_
venient assumption is that the higher harmenic loads are random in phase along the -

blade, as was discusseaabove. ir mis case, thesum of the squares calculation opplies.
However, here another pecblem arises. Itcan be seen that the sum of thesguarescanbe

meode os smail as desired, simply by chocsing @ wificiently large number of divisions ~
clong the span. Again, this is obviously incorrect. The fallacy behingd this limit i3 ’
thar, as the divisions get smeller and cmailer, it becomes less and less accurate to

assume that the phases of successive divisions are random. The phases of nearby divi-

sions are approximately equal, so that they must be calculated vio the sguuse of the

sum rather thar the sum of the squares. The key question is: how mony successive
divisions con be regarded as being in phase? e e e

The answer to this question lies in the space correlation of the fluctuating loads along

the blade. Consider the in-phase and out-of-phose combingtions to the nth sound -~ Ca

harmonic @ ,d ,4 ,... @ and b ;6 b L. b due to K lending :
n1 ﬂz n3 nK nl n 3 nK .

points chosen to ant at various blade stations end representing the distribution of the

X th loading harmonic. If these K loads are constant in both amplitude ond phose,

so are the S bni i=1,2,3,... K}, cnd we con write that sound prassure lavel

of the nth sound harmonic as

2 ? K K
ci= E{cni' + .an' = 2'23 an.un.+b.b. (5¢)

Now if the K locds are random, i.e., not constant in emplitude and phase, the cbove
result is not true, and we must write ‘ -
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of b and hﬂ . Thes: \,oefhm enis have \.mum

mnguﬁg hatwaen zerq and unity, where the former implies compiete randomness and
< the: latter,"as follows from equating Equations {56} and {57), implies complete
ccr'atcneni “If tht_: X 1oqu are mmpfete!y randem, ¢ i = ( {except when i = j,

{58)

B 3) Thot the “coneic';on length", def‘ned here as-the distonce over which the
““correlation coefficient folls to some fixed value, is inversely proportional to

’ e }'lgtmom.cnwnber .
: '{fv-.’; Uﬂng ﬂ'\m asxumphms, we arrive at the resuit
»‘ ' ?“ =5, = e"q)‘g (59)
; R ij ij
o whcu _@_is a constant to be determined. The variation of T, with £ and Ais
T ckatch.d on the following page. 1]
; In order fo use Equchons (57) and (59) in @ numerical procedure, a further calcula=
. tion is reauired. If the correlation coetticient does not ditter swbstanticlly between
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succesnsive foading ponm then Lquation {57} prebably gwes sufhcttﬂ* azcmacy, ﬁ oo
the coefticient does change sign ficantly, B ﬂ,‘j
NGw e 7 ' mp ronded \."»umﬂ‘ that acour SRS

over & single ioading segment may be ' = e iy
capesicd 1o =fiect the resilts, tince the N booE e ERI
effective load it somewhat iower than 3 - 2 )
rhe cssumed vatve, This is clarified be= : Rt

T ) T T T T e

Consider o single radial segment of the
rotor blade ketween the stations 5‘ ona

S2 . 1% the section looding is well sorre~

iated along its length then the harmonic
amplitude of the tetal force acting upon _
it is simply §

5
AFy =£ 2 FL (s)ds (60)

1

voher Fi(s) is dFk/ds, the amplitude

of 1z N th harmonic section loading. If /
39 (s} is not weli correlated, thea we nust

resort to the method illustrated by Equa-
tion {57} to determine a velue of an

Fa(s)

“effective” load increment FE octing on
A
the segment. In fact, we can write
S, s,
f / f12 F\ () Fy () ds a8 : CH]
S S
i 1

Now acwuming the same form for the correlation coefficient

12 = e:.q)\g . where t = s -3

and assuming @ “triangular loading” pottern (i.e., the iocal looding is proportional to
radicl distance) for the Ath harmonic amplitude so thot




F;\ (s) = 2F>\ < e

we cas ¢.press the following relationship for the effective lood FE
A

5 3 S
) 2 A - “aAs -3
f.é = 4}; f [/ S -5 - e_a)\(? s) ds+/ ? T -5 -e aAGs J)ds ds
by S S s
' |

75 s

{62)
Evaluaticn of this integral gives
UE: 2 M S, -3y 1 1
Ro= 2= 53 -5t)s s,-—] [s,+—)
E ; 2 i : B 1 . 2 - .
A ah 3 ‘ aA aA al
1 2 1

al ' 2 02)\2’_‘

At is of irterest to pu'f‘ 'S =0 and 52 =1, for men we obtain the effective loading
feor the entire blede

| 4F2 [ 2 ] 2
R B (1 - em)\)] (64)
A Al 3 al a® A3 J ‘

‘Note tho: fara A >> 1

3F?
FL = (65

3o

Combinirg Equation (65) with Equation (49) and using the recommended value of
2 for k, we have the approximate result

&
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Equations {63‘ ond {&&) have been used to study the effects of b‘aqz iuqdmg dt.s- T .
tributions, and the resulls are discussed in Section 4. e ' o

* 1ezond equivalent error oroblem occurs in the solculo'ion of the sourd from the R
summation of oll the loadi ing harmonics. delerarce 1o Equotion (36 or 37) shows. . . . .
that the contributions to eny seund harmonic of evary second looding hormonic will -~ -
have c sign change. MNow, by the time the logdings reach the twentieth or so, their
magnitude changes little with chonge in harmonic number. Thus, aff the sound from
the lmdmg harmanic would be cencelled out by the sound from the next if they both |
hod the same phase angte. Clecrly, it is extremely unlikely that such harmonics
would have the same phase, but, as shown in Section 4, beyond about the second *
harmonic we have no real idea of what the phase is. Agein, the only logicol choice
is to assume that the harmonics have random phase, so that the sum of the squares of
successive harmonics must be taken rather than the squore of the sum, if reclistic
answers are to be expectec. On the other hand, if the phase is well knza fosfor -

) instance on the first harmenic airlood), then it con be included, ond the second expres-~
i sion can be used. It may be notad thot the definition of the looding harmonics via a

: roof mean square value cutomaticaily tokes care of these problems in the azimuthal
integration . Thesa points were not considered by previous investigators, 10,12 and shis
is another scurce of the low levels they find in the highes noise harmonics. Ali the
points mode above via physical orgument can be duplicated mathematically. A
mathematical analysis is given in Appendix II.

o e er

As a fina!l point, it is worthwhile to consider the chordwise intagration, The general
conclusions cbove about correlation functions for the high harmenics do apply in a
modified form, but the cbject hare .5*0 study the diregt effect of a chordwise distri-
bution of ioodmg Schlegel et al followed Gutin'? in using o rectongulor dis-
tribution, and Loewy and Sutton €11 Lad o straight-line approximation which govae
a compiex clgebroic result, In foct, these modifications are both unnecassary and
inaccurate, Figure 28, token from Reference 35, shows the Fourier cosflicients of
verious chordwise foading shapes, a typicai reqi distrioution (from Reference 36}, ond
assumed rectangular and sinusoidal shapes. Several points may be observed. First,
the lock of certain harmonics is peculiar to the ortificial shapes and does not occur
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for th: real case. Second, the real loading gives higher levels of harmonics than
do the artificial shapes. This is basically due tc the strong first peak of the real
loadir 3. Third, solidities typical of o helicopter have much higher harmonic con-
tent ti.an equivalent propeller cases. Fourth, the delta function approximation
(eque: harmonic content) is very accepteble for helicopter loodings and is certainly
‘more iccurate than rectangulur distributions. (The results shown in Figure 35 are
not, <! course, noise harmonics. The effective values must be taken through the full
comp: ration of Equation (36) to give the final noise radiation.) It is clear that
detai’. of the mear, chordwise loadings distribution are unlikely to be important.

This rsult was found in the computations of Loewy and Sutton. 10,11 Thus, it is sug-
gestec that point chordwise loadings (delta functions) be used in helicopter noise
calcu‘ations, and this has been follewed throughout the present work .

It is cuite probable thet the use of the point loading approximation is conserva-
tive, n that it will generally give higher harmonic noise levels than any other chord-
wise isading distribution. The overall secticnal lift coefficients used in the present
work re derived from Scheiman's2! data, as discussed in Section 4.4.. The data are
the ro<ult of avercged pressure readings over the blade. Examination of raw pressure
data i7s, for instance, sketched in Cox and Lynn's report3), inevitably shows many
Incal iluctuating pressure peaks. These pressure peaks will radiate noise efficiently
at the high frequencies. Alternatively, the peaks would be reflected in an increase
of the Fourier omplitude coefficients with an increase in frequency in Figure 28.
Wath ns and Dur!ing3/ showed a similar effect, in that any part of the blade with o
svall  sading pattern will also possess high levels of the high Fourier coefficients. It
might ¢lso be noted that the smoothing operations used by Scheiman2! could be a
sour~ - of consicerable error in estimating the levels of the harmonic airloads. This
poin certainly justifies further study.
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6.0 RESULTS AND DISCUSSION

6.1 PARAMETER STUDY

The i+ itial requitement in the anclysis of the results is to determine the general features
of the noise radiation from the helicopter. This has been achieved by a thorough study
of the results using Equation (37} of this report (Computer Program HERON 2). The more
detail :d study of near field and blade motion effects was accomplished by using the
exaci computer program (HERON 1) via Equation (20} of this report.

Acous-ic Effectiveness of Individual Loading Harmonizs

First cf all, the effectiveness of the various loading harmonics as sound sources will be
evalucted. Figures 29 and 30 give the sound radiated in various harmonics of a four-
blade rotor by va-ious fouding harmonics. The magnitude of each loading karmonic
(inch. ling the steady) has been assumed to be the same, and in each cuse the load has
bean :2duced to a single point fluctuation force acting at 0.8 of the blade span. The
rotati- nsl Mach number of this point is 0.5, so that ti:» graph corresponds to a tip Mach
numbc - of 0.625. The magnitude of the thrust component has been assumed to be equal
to 10 ‘imes that of both the drag and outward components of force, which are assumed
to be :qual. This proportionality is typical of a helicopter rotor. Figure 29 gives
curve: corresponding to a field point 10 degrees below the rotor disc, and Figure 30
gives -urves for a field point 10 degrees from the rotor axis. The same general features
may b : observed in each of the harmonics plotted. Only o limited range of loading
harme-.ics contributes to each noise harmenic. Take, for irziance, the fourth sound
harmoaic (r = 4) in Figure 22. Loading harmonics below the eighth can be seen to
produce little noise. Between the eighih and twenty-fourth, the sound produced varies
but is of roughly the sume orde: of magnitude, while beyond the twenty-fourth loading
harmeiiic the sound radiation falls away rapidly . Thus, it may be concluded that on a
real helicopter rotor, wh.en all loading harmonics can contribute to the observed noise,
loadirg harmonics be‘ween the eighth and twenty-fourth must be included to obtain an
accurcie calculation of the fourth harmonic. This conclusion explains why Schlegel

et al . calculate such low levels for the fourth harmonic in their report12 (see also
Figuic 12), since they include only loading harmonics up to the tenth.

This ¢!fect inay be understood by reference to Equation (38). There are two basic terms
in thi: equation, the J ) andthe J .. . F2: the values of the argument of the Bessel
functi on typical of the helicopter problem, the Jq”‘ terms wi!i be qguite insignificant
compao:ed to the Jn ) ferms and cen ue ignored (except nerhaps for the low harmonic

noise}. Now n = mB where m is the harmonic order and B is the number of blades.
Thus, as the loading harmonic A increases, the order of the Bessel function n-X will
decreuse, eventually going negative. For example, form — 4, B = 4; n-X = 6 fer

A = 10 {the tenth loading harmonic); and n-X\ = -6 for A = 22. The absolute value of a
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Bessel function with o negative order is equal to the value of the Bessel function with a
posmva ordir. Thus, we expect the results for the A = 10 and 22 cases to be the same
for the fourt! harmonic case. lnspechon of Figure 29 will show this to be so. Indeed
it will be ob.crved thot each curve in Figure 29 is symmetrical about A = mB, which
(_orrespondq i3 N =16 for the fourth harmonic.

Figure 29 shcwed the sound pressure levels calculated for an elevation of 10 degrees
below the rc or disc plane. Figure 31 illustrates the variation of the sound level ot
other elevat: sas and shows how, as the point of observation is moved away from the

~ disc plane tc.vard the rotor axis, the number of loading harmonics centributing'to a -
specific acc: stic harmonic is reduced. Indeed, in the limit, immediately under the
rotor disc, o:ly the single loading harmonic, N = mB contributes. The effect may again
be understoo: by reference to Equation (36). The argument of the Bessel function terms
includes the ‘actor y/r. Thus, moving away from the rotor disc reduces the magnitude
of the argumcnt and, henze, the range of effectiveness of the loading harmonics. In
the limit whea v/ = 0, then only the Jg term has a finite value, equal to unity. The
increase .in ¢ ﬂphtude of the loading hormomcs on moving toward the rotor axis may also
be Onderstoo: by referance to Equation (36). The thrust term, which dominates the
results, is m:itiplied by x/r. Moving toward the rotor axis gives increasing values of
x/r.and accounts for about o 15-dB increase between the 10-degree and 80-degree
cases. The r:maining increment comes from the increasing peak magnitude of the lower
order Bessel functions. The fact that sound radiation immediately under the helicopter
rotar is deperident on o very limited range of loading harmonics may be of some poten-
tial significaace in naval applications. However, it should also be noted that, imme-
diately under the helicopter, the rofractive effects of the downwash can also be
important.

The key requirement now is to be able to predict which loading harmonics are necessary
for the ocous:ic calculation of any given sound harmonic. From considerations of the
basic feature: of Bessel functions, it is possible to show 18 that the range of interest of
locding harmonics is roughly

mB (1-M) < A <mB (1 +M) (67

where M is the rotational Mach number. The accuracy of this equation may be checked
in Figure 29 -vhere M =0.5. The equation will bs found to be conservative when
applied to Fi;ures 30 and 31 for points removed from the rotor disc. In fact, hare the
formula mB (1 - My/r) <X <mB (1 +My/r, can be used if desired. However, for general-
purpose calcu!ations, Eqaahon {G7) is appropriate. Figure 32 shows tha effect of rota-
tional Mach umber on the noise radiation. It will be observed that the range of -
loading harm:nics which contributes to the noise is substantially increased as Mach
"number incrasses. Agaln the effects are as given by Equation (67). Figure 33 gives a
~ nlot of Equation (67) and may be used to determine the range of loading harmonics
necessary for sccurate calculation of any glven nolse harmonic.
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Figure 34 shows the contribution of the three force components to the overall sound
pressur:. The proportions of components used in this and all the other calculations of
the pa. imeter study are thrust:drag:outward component = 10:1:1. It will be observed
that in rhe inefficient region of radiation (well down the shoulders of Figure 29), the
effects of all three components are about equal - However, over the efficient radiation
range, the thrust term dominates. The substantial movement of the plots 2etween suc-
cessive harmonic levels corresponds to moving past lobes in the sound patierns, as will
be disc sssed in more detail later. Note how the thrust and drag terms shov ‘similar
fluctuc tions, but in "ontinhase" to the outward component term. Thug, 1> curve for
overali level which combines the three components shows smaller fluctuations. The
drag teom is very inefficient in the central region. This is the effari of the (n-))
multip! er in Equation (36). For most practicol purposes, it would appear to be a good
approx mation to consider the thiust term only. The other terms contribute significantly
only di ectly in the plane of the rotor disc and in the inefficient radiation regior; for
instanc 2, the steady loading contributions at fow rotational Mach numbers.

Combir ation of Loading Harmonics

All the data presented so far apply to the effects of a single loading harmonic. In
reality, the observed noise at any point results from the sum of the effects of ail har-
monics . As was discussed in Section 5.2, the sums of the squares of the contributions
of the ndividual loading harmonics must be taken for a realistic result. The key effect
in this summation is the comparative magnitude of the loading hamonics. This problem
was dircussed in Section 4, and it was shown how a harmonic inverse power law approxi-
mation seemed to be the most accurate. In order to study the effects of various har-
monic oading laws, Figure 35 has been prepared. The figure corresponds to a summa-
tion of the results like those presented in Figure 29 with an appiopriate weighting
according to the harmonic loading inverse power law applied. The first 60 loading
harmor.ics arc summed for each point. The results apply 10 degrees below the disc of a
four-blade rotor. '

Figure 35a gives he results of the zeroth power law case, which corresponds to the
direct summation of all the harmonic levels ‘with equal weighting. Note how the noise
is predicted *o go up with harmonic order, actually rising at 6 dB per doubling of order.
This m.y be cempared with Loewy and Sutton's re swits, ! 11 where their input of what
was escanticlly a zeroth harmonic power loading luw gave rapidly decreasing sound har-
monics. Although this must be partially due to the limited range of input harmonics
(0-20). it is thought that their results also strongly suggest an undetected computational
error. Note that, because of the limited number (60) of loading harmonics used, the
oreser calculation foses accuracy cbove a sufficiently high sound harmonic. Referring
to Fig.re 33, it may be predicted that accuracy will be lost beyond about the eighth,
ninth nd tenth harmonics for M = 1.0, 0.75, and 0.5, respectively., Figure 35a shovs
how this is indeed trua. The effect of Mach number is also shown ia Figure 35a. [t will
be obssrved that the etfect of Mach number is small for this zeroth power case. This s
consisiant with the effects noted in Figure 32, whera increase in “Aach number gave an
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m_ed mr\ge of !aud ng lwmomcs, but nut a cignificontly increased amplitude of
st 30 i .«A.Qs-ak = single Semmenic s -

ft:,:x,,.,'r;e. 359 aim gives the results of assuming only © steady foading. This correspands
e the ciassic ‘ropeiler noise coiwlthm.b Note hov: the increcse in Mach number

hm - i.fv»p:ogp&mcaa cx’:m iy ?1’.« SRS E u;f‘:t:;: by “"-"Mv imnding, Tha-same

Taffect: ‘may- be obsewm: oy studying the intarcepds of the various zusves in Figure 37
Sl e A e

hcu tady hyd; f;x,‘t ia M: 3 01cnse.< Thu effect may be bﬂd-rstqod Ly reference io

‘quyhom‘@?} 3oth a8 J 5 andaJ )« term ors ?resem. In general, as was men-

nen tm is much ‘nrgef than the J .}ﬂ ierm. However, for the

'A-‘-‘ﬂ cmq, ﬁm term: c'e xdent«cqiiy equal ond ore thus additive. The lower first her-
menic 1oadmg peinty in Figurs 32 result from the particuior phasing used in the col-
cuhum md qre net e geneml reswit.

anqres »ﬁ: - 354 give the results of assuming cther loading harmonic power
derwrs.” 1o each: case the loodmg ‘hgrmonics have been derived from the zeroth by using
the nppmpncre inverse power law, as shown, (The first and zeroth loading harmonics

qfwuy: have “eqc! mugnitude ) In wch figura, tha result for steody loading only is olso

?hss moy be considared os the result for the minus infinity power tow for loading
hqmomcs,. The inverse first power law case is shown in Figure 35b. For M=0.5
ond 0.75, the sesult is very close!y o constdnt sound level for al! harmonics. This would
conespona toe w«y rmpui:we bcngmg type of noize. Form=1.0, the sound rsses with
frequancy. However itwill be observed thet the effect of the steady icoding olone
gives varmeliy all the ~bserved effects. Thus, it appears that the observed levelsin
Figwe 3% at M= 1.0 gre busicelly due to steady loading effects, with fluctuating
forces. pmymg ¢ minor ri'e. Figure 35c shows the inverse squore law loading results,
Hera the curves deop off maore rupidly with increase in sound harmonic. I roy be
chserved that change of rotational Mach number is starting to hove a more significant
effect. Alsc, it can be seen that the M = 0.75 case is governed by the steady loading
for the first Dve harmonics, and only above this is there any significont effect of the
fluctuating loads. It moy be noted that, because of the markedly reduced effect of the
higher ioading harmonics in this inverse square loading law, the inaccuracies introduced
by the limitation to & looding harmonics disappear, and Figure 3% is probably
accurate out to the sixteenth sound harmanic. The inverse third power low results given
in Figure 354 show cll ithese offects to or zven greater degree, with the steady
loading dominating the M = 0,75 case out 1o sbout the twelfth harmonic and the
M = 0.5 case out to the fourth.

All these results applied to the ccse 1C degrees below the rotor disc, which is one of
the ~rincipal directions of interest from the detectability point of view. The same
general effects occur in o!l directions vide the helicopter, but naturuliy detail changes
do ocsur, Figure 36 shows the effects 10 degrees from the rotor axis. In this positien,
the erfect of the steady locding is extremely sacll ot ali Mach numbers. indeed, the
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retical argumant. Reference 1o Figure 29 shows fhm Qvec :h@mnge ‘of aximum noiss. ...
production, higher sound harmonics produce ‘more naise than icwer-ones, TIn:Reference = .|
18 it wos shown how the ocoustic efficiencywas octually: propoectional:to mBM The L: R
peak noise levels for the various hamonics in Figures 2%-through 32 will be’ fowzd 10
follaw this low closely. However, thers is no basic trend dve to loading hgrmoenic on-
any given frequency observable in Figuie 29, apart from the limit in the pumber that.
contribute. As suggested by Equation {67}, the loading harmonics contribute gverthe - =
ronge mB {1 =M) < X < mB (1 +M). Furthefmore, sound intersity is proportional to -+~
loading squared, and, thus, if the loading bcrmomcs follow anvinverse k*h power :cw,
the arguments above suggest that the acoustic intensity follows the law given by

8() - M)

That is, pf ~ (mB)orR {v R M 9

Thus, the predicted sound power law variction with harmonic number is +2, 0, -2, -4
for loading power laws of 0, 1, 2, 3, respectively. These lows agree virtually exactly
with the results shown in Figure 36. The expression for dependence on Mach number
shown above is not universal ond essentially applies only in the plene of the disc,

The low reduces to an M’ law for the zeroth power loudxng, and this con also be shown
to hold near the rotor axis for all loading lows. This M? law can be observed in
Figuie 36. (Note that this is based on constant thrust.) The results shown in Figure
35 also show the same trends. At o sufficiently high sound harmonic number
the curves ‘oliow the harmonic law stated cbave . At a lower sound harmonic dependent
on the loading iow and rotational Mach number, the effects of these laws are overcome
by the contribution of the steady looding. The effect of rotational Mach number in
Figure 35 con also seam to follow broadly the low given in Equation (68), beyond

the range where the stecdy loading effects are significant. Thus, the equation doss
give an opproximate indication of the effects of rotational Mach number on the higher
hormenics of the noise.

However, the most important use of these laws given in Equation 168) is in prediction
of the higher sound harmonics, whic¢t ¢annot be readily calculoted on a computer,
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Using Equatici: (68), predicted sound levels can be extiopolated with confidence to
the highest ha monics. Furthermore, this suggests that it will be quite cccurate to
determine the tasic blade loading power laws from the acoustic spectrum. In either
case, the cor :lation length discussed in Section 5 must be included. Nevertheless,
from these corsiderations it does appear feasible to predict the amplitude of the higher
harmonic blac: loadings from a measurement of the radiated sound signal .

It is of particuiar interest to compare the predictions made above with experimental
datatrends. figures 5 through 7 ga'r« 1 sults from- Stuckey and Goddard's work, 2 and
were discussec in Section 2.1. It wus shown how at low tip Mach numbers the first
harmenic ievels were lower than the fluctuating loads, while for high tip Mach numbers
the contributicn at the lower sound harmonics was greatly increased. Essentially the
some: effects oo shown here. Figure 35 clearly shows the increased significance of the
steady loading as tip Mach numbzr increases. Because of this, the first few harmonics
can be seen tc rise at a far faster rate with Mach number than the high haimonics. As
mentioned in Section 2.1, theory suggests that the fi.st harmonic levels rise cccording
to a M2B law, and this was shown to be broadly consistent with the data trends of
Figure 6. Equation (68) suggests an M2 law for the high harmonics, since Goddard
and Stuckey's data correspond to a fairly rough running case. Again this M? law was
observed in th: data of Figure 7. Thus, the basic trends established by the paraineter
study are reflected in the experimental data. »

The effect of hiade number B may also be studied via Equation (68). As the loading
inverse power iaw varies through k =0, 1, 2, 3, the suggested overall acoustic power
trenu is throuch B2, B, B™2, B=4. Thus, the equation suggests that during blade slap
conditions when k ~ 0 or 1, the sound power will go up with an increase in blade
number, while under more normal flight conditions, where k ~ 2, the sound power will
go down with lade number. Although these arguments do not apply to the first few har-
monics of the tound, these harmonics are not too important subjectively. Thus it ap-
pears that an increase in blode number will reduce the noise radiation under normal
flight conditicas. This is consistent with the considerably lowar "vortex" noise levels
predicted by Schlege! for a five- und six-blade rotor, compared to Davidson and
Hargest's resu!is4 for a three-blade rotor. However, the equotions also suggest that if
a multiblade rtor gets into blade slap or rough running conditions, much more noise .
will be radiat:d. This, in turn, suggests that multiblade rotors will not be advantageous
on tondem hel copters. Little data on this point are available.

Forward Speed Effects

The effect of forward velocity was discussed in Section 3.5. It is clearly of consider-
able interest v study the effects of this velocity on the radiated sound, and Figures 37
through 39 giv= some computed results. The cclculations were made using the basiz
transformation discussed in Section 3.5. Those transfarmations were based on the re-
tarded time pc.ition of the helicopter; that is, the position of the helicopter when it
emitted the so::nd. The results shown in Figures 37 through 39 are based on the actual
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posi-ion of the helicopter when the sound is observeu. This requires an additional
trarsformntion, H]:)‘x ]e]s:cn.‘ic!ly s that joliowed by Garrick and Watkins'é and
k4

Loe /vy and Sutton,

Figures 37 through 39 again apply to tie basic case of a single point loading with
rotc ional Mach number M, for & four-blade helicepter rotor, with the observer 10
__deg: ces below the rotor disc. For zero forward speed, the sound field is completely
syr: setrical around the rotor {at least under the random phase assumptions made here.)
Hov.cver, for the case of forward speed, more sound is radiated forward than aft. Thus
the “esults include both the forward and oft radiation cases. The key factor in the
thecty is (1 - MO ) where Mo is the zomponent of the hub convection Mach number in
the direction of the observer. Thus, when the helicopter is flying toward or away from
the sbserver, the maximum etfect is observed; when the helicopter is flying at right
angles to the observers' line of sight, the convection Mach number component is
negiigible. In Figures 37 through 39, both forward and aft radiation cuses are given,
together with the zero velocity condition which, thus, also corresponds to the side-
way- radiation. As before, the effect of sseady loading only is given in each case as

a re erence.

r

In cich case, the forward radiation is higher than the aft. For the zeroth ioading law
{Figures 37a through 39a), little change is noticeable, but for the steady loading alone,
the 7orward velocity has a substantial effect. For the 0.125 forward Mach number in
Figure 37, the sound due ro the steady loading alone is increased by around 20 dB in
the “orward direction compared to the aft. Plots of the other lcading law cases in
Figure 37 show that in each the sound is increased in the forward and reduced in the
aft Jirections. Picts for other rotational and forward Mach number cases in Figures
37 trough 39 show the same general effects. The higher harmonics due to steady
loacing alone are increased by over 50 dB forward compared to aft in Figure 38.
Fig.res 37 through 39 are the results for the integrcted loadings under various power
low:. It is of interest to study the individual harmonic effects, and a typical plot is
shov.n in Figure 40, It can be seen that for the forward cases a larger ronge of
harr.onics contributes than for the aft radiation cases. Figure 40 also snows how the
‘effe ot of velocity on the first order (steady) loading harmonic is considerably greater
thai: on, say the sixteenth,

The =ffects of forward velocity noted on both Figures 37 through 39 and on Figure 40
are -ery similar to the effects observed simply due to change in rotational Mach number
{cor .pare with Figures 35 and 32). This suggests that it may be possible to estimate the
eff: :is of forward velocity simply by choosing an effective rotational Mach number for
“the ‘orward speedcase. That this is so can be seen from a study of the basic Equation
(36) as modified by the (1 = Mg,) term suggested in Sectian 3.5. The argument of the
Bess:| function terms is nMy/i(1 = M,). Now n =mB is the sound harmonic numbe:

and is unaffected by forward speed. Nea the plane of the disc, both y and r ore
increazed, by a roughly equal cmount, due to the effects of the retarded position of
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\‘fbe helicoster. Their effects therefore cancel . Thus, if an effective rotational
Macﬁﬁnum}fgcr M, is 13ken such that M = M/1 = M, then the effects of forwa:d speed
on the Be:.el function térm are simulated. This Bessel function term is the most impor -
tant singlc term in the results. It governs the overall harmonic efficiencies which are
thown greshically in Figures 29 and 40. This effective Mach number approximaticn
takes core of this term. Further study of the equations shows that both the drag and the
outward fcrce component terms ore correctly approximated by this method. However,
the th-. st term is in error by a fector (1-M ) and will be too high by this amount in
the effect've Mach number approximation. oilnfortunctely, as has already beenr shown.
the thrust term dominates the sound field. However, the error is quite small for typical
helicopter cases, of the order of 1 dB near the plane of the disc for a forward Mach
number of 0.125, and about 2 dB for 0.25. It may be concluded that this effective ro~
tational Kach number approximation is a useful tool for the study of forward velocity
effects.

Figure 41 :hows the effectiveness of the approximation. A forward Mach number case
of 0.25 on top of an uctual rotational Mach number of 0.75 is compared to the case of
rotational Mach number of 1.0. Since the field point is near the plane of the disc,

_r\‘.e /& 0.75/1-0.25 =~ 1.0. Figure 41 shows good agreement between the more exact

and the app:oximuted sclution.

It should be noted that the Mor is the component of the convection Mach number Mo

in the dircction of the observer. It is thus positive in the forwa.d direction, having a
maximum in the plane of the disc equal to +M°. Moving the observation point around

the helicopter will reduceMor, and it is zero at the side of, or immediately beneath,
the rotor. In the ofi direction, Mor becoraes negative, reading a minimum of -Mo in

the plane of the disc. Thus,the presen: results for forword velocity, and the appros.imate
rule, expiain one of the frequently observed effects in helicopter noise - that the heli-
copter hes a harsh pepping sound on approach, but a very moderate thumping sound as

it recede:. This can be aitributed directly to the increased effectiveness of the higher
harmonic: in front of the helicopter compared to behind. It will be observed that
‘Figure 3% predicts a- 10-dB difference if an inverse square loading law is assumed. Un-
~“fortunate'y, no published data for direct comparison with this prediction are available.

Directio: ality Fatterns

The next major point to be discussed is directionality. Clearly,the direction in which
the sounc radiates is of key importance in determining its significance. Some of the
‘effects have already been noted, for instance in Figure 31, but the problem justifies
a closer <tudy. Note, first of all, that, under the randomizing approximations used in
‘this report, no variation in sound pressure around the azimuth occurs. Little variation
is octually observed in practice. The :mall differences in sound pressure measured
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contours of gqmi__grng;i,\aéig. As the helicopter flies ov r#x)\( ground

radiated fore or aft hes to-travel much tyrther before striking the graund than

radiated immediately downward. Over-this.odditional distan

2T

vate according 1o the inverse square low (see Zquation (2)), Theidotted
42 otlow for this spherical spreading, Sssuming that ‘the rotor-disc is pan

ground. Thus, sound tevels fying:on the same dotted iines wili e obse

level af the graund. The plots in Figure.42.are yiven in *he iint quadront-bu
entirely symmatrical, so that sound-radjated up equals. sound rodiat

magnitude.

In each of the plo, the wame genars] sffactucan be observed Tar large wlues of . - =
mB - h and law frequencies {mBM) the sound radiation pattern is substantiolly outward; B
in the plane af the disc. This is, of course, paticularly disadvantageous, but it should. -
be noted that the averall sound efficiency in.thess cases is poce, with sound levels well

down the shoulders of the curves in Figure 29, On?haofhi band, these coses emen= SR L
tially correspond to the effect.of low hammonics of the looding, which are generally of - :
greater magnitude. As frequency is incrensed, or s 1B -A is decreqsed, the_peak ofthe -
directionality pattern moves around toward the axis.of rotation, and the_patterns bave °

a stronger and stronger lobe structure . All the cases with o lobed structure_correspond

to efficient acoustic radiction, with levels across the top of -the curves in Figure 29.1t

may be noted that an increase in rotational Mach number M corresponds o amovement -

from left to right in each pattern matrix given. Howevet,cn increose in hormonic order

m or blode number B corresponds to o movement both across ond down (ot least for

the lower looding harmonics M), sincemB occurs as & parameter on both axes.

Far.

Individual comparison of the plots in Figure 42 shows that all the thrust terms go 10 z @0
in the plane of rotor disc. This is the effact of the x/r term on the thrust in Equation {368},
and - = 0 at the rotor disc. Note olso that oll harmonics of ali force components go to
zero ot the rotor axis except for one ccie, Thot is the thrust component for mB~-A =0, -
which has a maximum there. Thugonly the single loading mode A = mB contributes
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g'mmecimv’y under the helicopter. This was also observed in Figure 31. The drag terms
shown 'n | squre 42 heve the opposite effect. All mB -\ = O cases are virtually zero.
This can ¢!50 be seen in Figure 34. This occurs because of the mB - X multiplication
factor ir. ‘he drag term of Equation (38). Note that there is also an mB + X\ term. which
does not .o to zero, but this is so small as to be nealigible in virtually all cases. Also,
itr relativ > magnitude is a function of mB and X separately rather than the single term
mB ~ X\. T-us, ~o case corresponding to mB - X = 0 has been plotted on Figure 42 for

the drag component. The mB - X multiplication facter has another effect. When A is
greater th:» mB, it goes negative. The amplitude of the negative cases is the some as
the equiv.ient positive case, but the phase has been shifted 180 degrees with respect

to the thrust. Hence, the drag terms add to the thrust terms below the rotor for pesitive
mB - X anc sub*ract for negative. Since the thrust is dominant, the effec: is of little
practical i nportance, but this does explain the small asymmetri«; near the plane of the
rotor disc n Figure 43, to be discussed later. The same general effects can be observed
on the outwsard components of force terms. These terms become significant slightly
nearer the -ctor axis thar the thrust and drag terms for any given harmonic. Note that
all the zerosinthe thrust and drag terms are matched by maxima in the outward

terms, and vice versa. This is due to the outward terms containing the dnfferenhal of
rhe Bessel -unction term used in the thrust and drag expressions.

Figure 43 ::ives the result of the summation of the three terms for each loading harmonic
oh the assiption that the thrust to drag to outward components are in the ratio 10:1:1,
consistent sith the previous results. Figure 43 must be plotted in two quadrants because
of the ‘asyr:metry in the final result. As discussed above, thrust and drag add in the
downward ¢nd subtract in the upward quadrant for mB - A > 1. For mB - A < 1,the posi~
tion is reve sed. The figures should be inverted for this case. The thrust dominates the
results for ‘hie total case, as can be seen by comparison of Figures 42 and 43. The drag
ond outwar i component terms are only significant in the immediate vicinity of the
mlune of th: disc. Figure 34 shows that even 10 degrees from the plane of the disc
*he thrust was dominant. An additional effect is that the overall plots do not go to zero
berveen Icr?_wes as in the case of the individual components. Since the outward compo-~
nents are ot of phase they do contribute there. These valleys of the lobes are shown
only apprc.-imately in Figure 43.

The lobed = sund patterns given in Figures 42 and 43 are basically idealizations and are
unlikely te sccur in practice for two reasons. First, the rundom effects discussed before
will rarely ullow such an ordered pattern to occur. Second, and far more important,
the observed sound level is, of course, the sum of the contributions from all loading har-
monics. Thz effects of any one harmonic will usually be lest in the overall pattern.
Figure 44 ¢'ves a typical overall pattern for various sound harmonics. It is based on an
ossumed 2.5 inverse power law for the loading harmonics, with realistic inputs which
will be discussed in more detail later.
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not: oppocl' n chu

ey S x.!. -
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bosically due o the rn-re”"?mn between the thry

nmmyewoutly. Below mc wtor du;, WOy.ﬂoﬂlJﬁ, mlmmum, T«-e swm mnc u -
'mo(

dom;m!mn ond. harmonic {oadmg iows assumed .- On qared
expected that porticutar combinations of lpoding barmanics v-'l[i”qccuf dEPeﬁQ‘m' én*
flight condition, Thiswill be reflected in ' much stranger lobe structure’;, more:like-
Figures 42 and 43. Furf‘he(mom particular phq,ung; of these: h:cdmg comb:muan_s
can give gzimythal «arigtions in sound 1eve{ However F:gwe 44Q shou‘d‘rc“ag?‘ ne
bos:c trends. , S
Figures 44b and 4dc give rewlts for forward flight casgs, Sound isgiven rclcmve
the position of the helicopter when the sound is heord, o3 befors. Both ﬂgure; T e
how forward fth souses a general sweng forward of the sound field. "Detoilsof~ = & =
tie minimum QIS0 vory somawnat with “forword spee.d, “But mis i commhvely htﬁc T

significance. In both fotward flighr cases the maximum effect is observed in the’ p’one
of the disc, and also for the secand ond third harmenics plotted, For o forward Moch =~
number of 0.125 (Figure 44b), the difference between the forward and aff radigtion "t -
amounts to obout 5 dB for both the first harmonic and for the higher harmonics but . ° P
up to 10 dB for the second and third. At o forward ‘Mach rumber of D.25° {F:gug-uc} SR .
the corresponding figures are 10 @B ond 20 dB,respectively. -For barmonics had’ts o

than the tenth {not shown herej, the d:fferencas are shghtjy fass.

MNagr~Field Effects

A {imited number of cases have been invastigoted in order to estimate the oeder of mag~
nitude of near-field affacts. Figure 45 shows the pelor distributicn of the fizst harmonic
sound rodicted by c hovering four=blade rotor I'prmﬂfid b)’ ii?\gk Jift and d‘fw forces
acting at the B0-percent-radius point. The radiation is in o plans normal to the roter
disc. The actual levels have been normalized to an arbitrary reforence since.the two
cases were computed at distances of 1 diometer ond 25 diometers from the rotor. .
Spherical spreading corrections have been appliad in order to {llustrate the diract -
effacts of the near-fisld terms. In fact,the far-field resuits (25 diameters) agread with = . |
those calculated using Gutin's equation to within a fraction of o dB ot oll poirss,which
verifies the accuracy of the program, At 1 diamaster it can be ssen that the biggest ’
influence of the near-fisld effacts cccun above the rotor, aithough the absolute levels
are still slightly less than those which occur below the rotor. It seems thot in addition

to smoothing out the lobes the near~fleid preseures are more evenly distributed about
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‘the rotor plane than is the radiated sound. In this case, the maximum omplification in
the near ‘ield occurs 10 degrees obove the disc and is equal to 27 dB. This corresponds
to the position where the thrust and drag components cancel in the radiation fieid.
However, telow the disc the maximum difference is approximately 4 48,  This smooth-
ing out 7 the dips in the radiated sound by near-field effects was also shown by Loewy
‘and Sutten. 10,31 However, it should be noted that the far-field lcbe structure will
‘theoretically occur sufficiently far from the rotor. In practice,the lobes may not be
observed becouse of utmospheric effects, but any observed smoothing in the far-field
will not be due to near-field effects.

‘Possibly f more interest thon these particular results for a distance of 1 diameter are
those pre:ented in Figure 46, which illustrate the decay of the near-field effects with
increasing distance for the first three harmonics. Three curves ore shown in each case.
-The first s the radiation field,which can be seen to decay at 6 dB per distance
doubling. The second includes geometric near-field effects; i.e., the effects caused
by the special distribution of the source at distances of the order of the extent of the
source. The third includes both geometric and acoustic near-field effects, where the
-latter arc given by Equation (52). It should be noted that the acoustic near field
‘effects o:tually mitigate some of the effects of source geometry for the first two har-
‘monies, rzducing the amplitude of the first by some 3 dB at a distance of 1 diameter.
‘The most significant finding is that the near-field is of little importance at distances
greater tian 2 diameters from the rotor. This is in disagreement with-the suggestions
‘of Loewy and Sutton, 10, Hthat the near-field may be significant ot distances .as great
as 100 dizmeters. v

Blade Mc:ion Effecg

The dire~- effects of blade vibration on the noi:e field were examined by computing
the sound field of a rotor with steady loading but with 20 realistic harmonics of flap-
ping. Tha: analysis presented in Appendix | indicates that the maximum influence of
Elade moiion will be found in the close vicinity of the rotor, so the sound was calcu-
lated at « distance of 1 diameter at 10-degice intervals from directly above to
directly below the rotor. Thz only noticeable effect of the blade excitations was
found within 10 degrees of the rotor axis where the amplitude of the first and second
sound harnonics was increased by approximately 2 dB. However, since the absolute

level was close to zero dB (re: 0.0002 dyne/cm2 ), this is of no practical significance.
Elsewherc, the effect of the flapping motion was negligible, of the order of 0.1 dB in
all harmonics up to the fourth. Consequently, it is concluded that blade motion has no
acoustic =ffect of practical importance, and no further studies of motion effects were
made.

Accuracy of Computation Methods

Some of tise precautions necessary to ensure accuracy were discussed in Section 5.0.
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In cddition,the accuracy of the computer programs has been verified by companson
with previous work cnd with cach other. The numerical method (HERON 1) and the
anclytical method (HERON 2) agreed with each other and with Gutin's equahon

for the case of steady blade loading. The actual comparisons are shown in Figure 45,
The slight differences between the computed figures and the Gutin curve con probably
be aHributed to errors in the latter which was hand calculated, using tables of Bessel
functions. The two programs agreed with each other in all cases where valid compari-

son could be made, namely, in the far-field.

The problems of simulating a continuous aerodynamic pressure distribution by a number
of point loads for the purposes of acoustic calculations were discussed in Section 5.2.
In order to ex imine the magnitudes of possible errors, a series of coses were computed
which clearly illustrated the importunce of the phase relationships between the various
loaciing hormonics. Using realistic harmonic load data, with definite phase relation-
ships between the harmonics, the distributed loads were represented by 1, 2, 5, 10
"and 20 radial loading points. It was found, as may be expected, that rhe results
varied somewhat and that the differences increased with acoustic harmonic number.

In ¢eneral, there was little difference in the results for 10 or 20 Joad points (less

thar a dB or so for frequencies up to the 10th sound harmonic); a slight difference
betvseen 10 and 5 (typicaliy up to 2 dB); but very great differences among 5, 2, ond
1. At the higher frequencies, for example, differences of more than 20 dB were

'fOUt_‘,d . '

In Szction 5.2 it was shown that the large differences are to be expected tor definite
loac phasing patterns, but that these differences are illusory. It was also suggested
that the assumption of randomized ohasing of the spanwise loads removed:the phase
sens tivity of the acoustic field. Accordingly,a compufer program was modified to
calculate the effective load distributions defined by Equation (55) ard to use the
space correlation concepts reflected in Equations (57) and (59) to calculate the
sound generated by a variety of loading points. A thrust of 10,000 Ibs was assumed
with a ratio thrust: drag: outward component of 10:1:1, as before. The value chosen
for the correlation parameter a was 3/3,so that fhe asymptotic form for ‘the overall
effective loading (see Equation (55)) was I' >/VI\ where F _is the total

A-hcrmonic force amplitude acting on the blode. The particular value of the correla~
tion parameter chosen above was somewhat orbitrary, although an examination of the
blade loading distributions shown in Figures 17 and 18 suggests a number of this order,
A more realistic value could only be obtained through experimental measurement of
correlation patteins over a blade in flight or through a comprehensive comparison of
theoretical and experimental sound measurements. A second inverse power law was
choszn for the harmonic loading amplitude, in accordance with Equations (50) and
(53). The results of this test are summarized in Figure 47, where the sound harmonics
calculated for 1, 5, and 10 loading points are compared. Although the first harmonic
leveis for the 10 loading point case were not obtained, it is clear that the differences
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. are smail, the maxi.num discrepancy being less rhan 2 dB. However, the most striking
' feature of these results is that the errors now occur at low frequencies, as opposed to
. the high frequencies encountered previously. At the higher frequencies all three dis-
* tributions lead to the same results. All the present calculations have used this random
* phase cssumption with a single point loading. Figure 47 shows that errors introduced

: by this are small. '

. 6.2 THE THEORY IN PRACTICE

- The abcve parameter study has given a considerable amount of inforraation on the basic

. trends which can be observed in the results. It was also shown that the general trends
predict=d by the theory were in agreement with the trends obser.ed in available experi-
- mental data. It is thus worthwhile to compare theory and experiment more closely and

" to attempt to develop a prediction technique for helicopter rotor noise calzulation.

: Comparison of Theory and Experiment

" As.was noted in Section 2.1, very little reliable experimental data on helicopter noise

- are ava'lable, Consequently it has not been possible to perform a detailed comparison -

. of the theoretical and experimental results. Results of ¢ comparison in a hover case

. are shown in Figure 12a, which gives data (and also theory) from Schlegel et al .12 It

. can be seen that fairly good agreement is ochieved, at least for the first three har-

. monics. The fourth harmonic is a little low. The theoretical results shown in Figure

12a are the result of the 60 loading harmonics, randomized inverse 2.5 law discussed

in Section 6.1, It will be observed that these levels are significantly higher than

t Schlegel's theory. This is due simply to the inclusion of a higher number of loading
harmonics in the present calculations. Figure 33 shows that for the present case

{mB=16, M=0.5) to up to 24 loading harmonics are required for accurate calcula-

tions. Schlegel et al used Scheiman's data4' which are limited to the first 10

. loading harmonics.

. A further comparison of the present calculations and Schlegel's results is given

in Figure 48, This applies to the same 5-58 (H-34) helicopter in level fiight at a

- velocity of 40 kis. This case was chosen to correspond to a flight condition reported

" by Scheiman2! for which loading data were available. For this comparison, Scheiman's

- data were also used in the present program. For this reason, accuracy cannot be
expected in the fourth harmonic case. Agreement between theory and experiment is
fair for the first and second harmoriic, but it falls off rapidly at the third and fourth as
expected. It will be observed that crly fair cgreement with Schlegel's theoretical

" results is obtained. The maximum differences occur at maximum helicopter range,

that is necr the plane of the rotor disc, and reach above 10 dB for the fourth harmonic.
These differences are due to slight differences in theory. The present program included
- both tha radial force components which arise through the coning angle and forward

" speed effects. These corrections are expected to cause differences near the disc
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piane. It moy be noted that other check calculations run during the presenf study for
simple cases showed good agreement between Schiegel's theory and the present one.
Figure 48 also shows the differences in the sound radiated to port and starboard of the
helicopter. This difference is o function of the phasing of the blade loads only and

again shows the sensitivity of the acoustic field to the loading phase. ' Differences of
o-er 20 dB may be observed. Whether such differences wou'!d be measured in practice -
is debatable. Better definition of the harmonic loads would undoubtedly remove mosf
o’ the bigger differences from the results. : SRR

It was shown in Section 5.2 that ho:nonic blade loads may be assumed to vary in-
vorsely as the 2.5th power of harrenic number. Using this approximation and a single
lcading point (as Jusflfled by the findings vepor'ed in this Section 6.1), the rotational
noise spectrum for :t.e Bz2ll UH-1 helscoptar has becr calculated for comparison with
available measyrements. 3, ‘he randomized phase asuiption was used (Section 5.2),
. and 60 loading harmonics were inciuded. The comparison is shown in Figure 49. The

e perimental data were obtuined on three secarate accasions under ver different con-
ditions and show remarkable consistency. Because of uncertainties regardmg the over-
all levels, they have been normalized on the basis of power in the third and higher
harmonics. This step reduces the probability of error due to the low-frequency
response of the microphcies and tape recz;ders which is certainly poor ot the funda-

manta! frequency (around 12 Hz). Although for this reason nothing can be said about
overall levels; the agreement, insofar as spectral shape is concerned, is good up to
the thirtieth harmonic.

Figures 50 and 51 show some further experimental data obtained by Wyle Labbratories7
for a twin-rotor helicopter, the CH-47B Chinook. No harmonic blade loading data are
available for this aircraft, so that no computahons could be made for comparison. How-
ever, in both figures, the slope of the fitted line is approximately -20 dB per decade at
ar inverse second power law. When the simplified relationship between the loading
and acoustic power laws given in Section 6.1 is used, namely

2 mB (2 -2'()

p ™~
it can be assumed that for the Chinook the loading power exponent is 1.5,as opposed
te 2.0 for the UH-1 and H-34 (ignoring the correlation effect which adds a further
0.5). This rise in higher harmonic loading levels is almost certainly due to the over-
lap of the two rotors which causes one to pass through the wake of the other., The
undesirebility of overlapping rotors from the standpoint of noise is thus fairly clear.

Two further points regarding Figures 50 and 51 should be mentioned . The first is that
Fijure 50 compares internal and external noiss,and,although detail differences are
significant,the trends are obviously similar  The second is that one case plotted in
Figure 51 is the analysis of a recording of mederate blode slap. The main difference
berveen these points and the second set of data (which was recorded a few seconds
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" later when no binde slop was cbserved} is in the region of the tenth harmeniz, u
S 106 Hz where the levals are soms 4 dB higher in the-precence of slap.
~- - Although the comporisans ot theory and &xf ~riment are somewnaf limifsd fhey du iend
T e support the basic theoreticol resgits. More importentiy, they show that the lack of
- good sxderimental dorm-iy o serivus hundicap o ihe sdvansoneal of ratar nolie conirol
N ek SR - '

- Prediction Methods for Zoror INaise ST e

.. This study, like previoys work on the subject, hos thown that methods for the coicule~
.. tionof helicoprer rotor noise require extensive numerical cajculations which con be

- -performed only on @ digital computer. Furthermore, the accuracy which can be
- achieved is-limited..
-1 thedight-of the comparisons of theory and experiment described above, it is con=-
1 ded that. the most realistic opproach of the present time is to make use of the assump-
_ -tion of-random blode ioading phase. This gives resuits which are of fewst as accurcte
s methy ds which make usm of known phase relationships, if not more 0. It also offers
i+ the advantage that, in cenjunction with the power law assumption fer estimation of
"~ hemmoni¢ loading levals, it can be used 1o calcuiate high sound harmenics. In oddi-
« 7 Twion it bas been shown. that although the forward velocity of the helicopter has an
TN impertant effact oo tiie rodioted rotor noise, it can be accounted for with recsonoble
. 7 acgurecy by usihg the concept of on “effective Mach number .

-~

.- Consequently. s set of tentotive design cnarts has been prepared which erabies the
. - souny Fieid of a roinr.to be calcujoted for any conditions of steady flight. These
‘ ‘chorts are presented os part of Appendix 111, where the detailed instructions for their
. use may aiso be found. A review of the underlying theory is included. With careful
_ ust of these charts, o few simple hand eslculations will yield any reazoncble number
. of rofationc noise harmonics, at any point in the far field of the rotor, to within 2dB
" of the accuracy obtoined by computer.  The experimental comparisen discussed cbove
suggests that, although the design charts may be in eror for the overall levels,they
shouid give the porometer frends quite accurately . The charts should, therefore, be
usefu! tools fer design trode—off studies.
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5.3 METHODS FOR REDUCING THE NOISE QUTPUT

The ‘csults of the lost section show fair agreement between the present theory and avail-
able data. It is therefore of interest to suggest methods for reducing the sound output
of the helicopter rotor. By no means have all the points made in the theory been
verified, but it is thought that the basic trends should be correct.

The most useful data from the noise control viewpoint were presented in Figures 2 and
3. It was shown how the sound radiated by the helicopter rose substantially at both
high and low values of collective pitch, due to still and woke interactions,respectively.
It therefore appears worthwhile to attempt to define optimum collective pitch settings
-for minimum noise.  As far as is known, little work has been accomplished on this.

Note particularly that some of the results shown on Figures 6 and 7 are as much as

10 d8 lower than expected. 1t seems quite possible that this is a real effect due to
coll:ctive pitch variations,

The basic mechanism underlying the effact of collective pitch is, the displacement
of the shed vortex wake as far as possible beneath the oncoming blade, so that har-
monic airloads are substantially reduced. Any effect which achieves greater wake
displacement, less vortex strength, or less blade load response to the fluctuating
aerodynamic input will reduce the noise. Work on increasing the size of the vortex
and thus reducing its peak velocity was reported by Sternfeld et al ., 38 ond this has
considerabie potential for noise reduction purposes.

It should be noted that collective pitch is the important parameter for optimization
based on the operation of a particular rotor. For a given rotor producing a given
amount of ihrust, the downward velocity of the wakes is essentially constant,so that
the ertical distance between a blade and the vortex trailing from the tip of the
previous blade is increased by reducing the tip speed. To do this, of course, collec-
tive pitch must Le increased. Beyond a certain limit the blade stalls,causing the
incrzase in noise which has been noted. The tip speed thus affects noise in two ways:
through the direct effects of Mach numbers and through the blade/wake spacing.

Anciner step vhich would appear te be beneficial is to increase the number of blades.
The trailing vortex from each hlade would be of less strength; but, more importantly, if
the olades were sufiiciently close together, the wake would not have had time to roll
up. Results on wing:39 suggest tha: a distance of the order of one-half the span is
'req. ired for vortex tollup to occur. It appears that if each blade was close enough to
the preceding one, ro!lup effects would be averted. Indeed it can be seen that for
very closely spaced blades, the wakes would be affected more by their neighbors than
by %fuomse!vea, and rollup might be substonholly delayed. Possibly this is a partial
exp:anation of Schlegel et al's :esults, (Equatian (4)), which implied 7.5 dB less
"vortex" noise radiation from five- and six-blade rotors than Dovidson and Hargest's
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» 0 ne QJV»OQSW g’;dest ub(e tegture froq the waxe inrerociion point of view is the use
r,‘of mulupie-;c:tor,heucoptgrs. Here, one rotor con interact with the wake of the other,
- 9nd.Figure 51 (discussed on page 72 shows how the higher harmonics are increased in
_,,q tondem rotor cgse. From.a.general viewpoint, it might be possible 1o design a quieter
: tandem 1otar he!l lC.QPftl’zlf the vortex interactions, which are the mojor noise producers,
""—. 'c'giid be minimized, while ot the seme time ollowing sufficient rotor separation to
Spemitthe woke 1o diffuse. HMowever, this seems to pase a difficult design problem. It
-~may aise beinated that interactions of the main rotor with the fuselage and the fail
"rotgy con alse be undesiroble acousticaily becouse of the focal blade ioading incre-
. mepts they produce ., Indeed, it should be possible olso to reduce the noise rodiated
~by-¢hg tail rotor by mmlmlzmg interaction effects due 10 the main rotor. {t is fairly
’}m:ghtformd 19 minimize these interactions by desxgn if desired.

v-‘-q“,‘.ﬁ._‘A

An cltemu!we woy of rmnumzmg wake intergctions is to use high-lift airfoil sections
-—onthe blades. Such rofors will tend to direct the woke well awny from succeeding
‘bladail thus reaucing highsr harmoenic airloads and sound suppor, "his will generclly
S tesylt .in higher disc ioadings and increased frequencies, so that sour Lagtput @t the
“findomental frequency becomes more important. Reduction of fip speed when using
- such devices is thexefo;e'idc}icﬂted.

“+The theory also indicates that noise output is proportianal to the product of thrust and
disc {oading. Since the thrust is not a design variable, the rotor diumeters shoyld be
as great as possible for minimum noise .

It has alse been shown that the sound rodiation thecrerically rises as the square of the
tip spead. Unfortunately, even o reduction from 700 to 500 fps in tip speed will give
-~ only a reduction of about 3 dB according to this trend. On the other hand, it has
been demonstrated that the sound output ot the lowsst frequency is proportional to o
high power of the tip velocity. Although this first harmonic sound output is saly of
limited significance in the far-field, it can be more importan® in the internal noiss
field, becouse of potential increases in subjective response at high levels due tc
vaeious forms of coupling through structural vibrations. Particulariy for high blade
numbers it is probobly well worthwhile to adopt @ mirimal tip speed for noise control,
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A further posibie method for reducing the noise is to ingcrease the blade cherd. Ree
syits derived in Reference 18 snc;wea that, for a Faxed—freque-;r.y ;npm,\!he mregrvfe
qerodynamic iaad was properiiona! to the inverse square roof af ?he chord fengths
Thuy, sournd outpot wou'ld be predicted as inverseiy propariiuna s Chand Alsigns
incraqse of chord Gr fixed thrust ead coliective pitch wouses o Scorsase intip cheed
with its associoted acoustic benefits. Pernaps ony increase in rotor blade ares would
ha more sthiciantiy mu-C\CJ Uz un eANTG paEdD. "-“"""“‘“QE‘S}. it s *houaH‘ tbof 0
more detailed study of blode chord effects would be vo uthe‘ —

~it Q.—‘ -

Cre last feature of potentiai use is the Tirectionaii ity ahdrggiedishica. - A quite® - E :
definite minimum just above the plane of the disc is predicted. It moy be po;szble m-. B

design or fly @ helicopter so that this minimum occurs ot the field position where = = -
minimum noise is desired. 1t should be particularly noted however thet this minimum = * -
has not been confirmed experimentolly. : . e

It veould seem well worthwhiie to perform detsiled (possibly scale model) experiments . .
to study soms of these noise control methods. The experiments should be daliberarely  ~
designed to cover cases outside normal operating ranges so that the trends can be well ™ ~
defined. Such experiments could be of considerable value in reducing %-*ircopter rotor
noise radigtion,

The major design requirements for minimum noise can be summarized as follows:

o low tip speed
s lorge number of blades

B!

o Llow disc loading
e lorge blade chord
& Minimum interterence with rotor flow

¢ Any features which witl reduce the high frequency airload fluctuations.
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JMain cror noise, gspecwﬂy at the higher frequenczes, is due to the high
harmmanics of the fluctuating cirloads imposed upon it,

" Blade slap shouid not be reg:arded as essentially different from ather forms
- of retor noise ., -

Dgs,cmte frequency peaks due to main rotor rotational noise are owservable
to 400 Hz,

o “Wortex" noise as praviously dafined includes o suostantial contribution
“;# %0 shom totational noise.

i~

EXPERIME NTAL DATA REVIEW
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Tbe mast smkmg feature of avoilable dofo is its wide scatter, perhaps
+ 10 dB.

Very little expenmema! data on helicopter noise are yet published,

- High harmonics of rotational noise cbey o tip velocity squared law for
" constant thrust.

Low hormonics of rotationol noise okey o tip velocity to the sixth or eighth
power law {constant thrust) .

Séectml cantent of helicopter noise is strongly dependent on tip speed.
Noise output in all harmonics obeys a thrust power law betwean 1 and 2.

Noise levels increase as the rotor approaches stalled operation {(high col-
lective pitch).

Noise levels increase at low collective pitch due to wake interaction
effects.

An ontimum collective pitch for minimum noise exists.
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ACCUSTIC THEORY

Excelient cgreement has been oktained hetween cnaiyviicol and numerical |
soichiens to the fundsmentc! Sooustic #UURtion in reoions whers the gnaiye
Lovh apmoximonhians e olia. k

AERODYNAMIC LOADS STUDIES

a) Simple rotor theory is ndequate for predicting performonce aata only

_____since prediclinns of second and higher hamonic loeding fevels arebadiy - -~ 2 -

in error, ) T

b} Available dotc show o negligible effect of furward flight on higher her=
monic cerodynomic loads, Substantial levels occir even in hover,

c} Higher hormonic loads are extremely locelized on the blade span, but
they ore generally more intense toward the blode rips.

d) It is imposuble to predict the phase of the higher harmonic locds.

e} The airlouds follow an cpproxinmte foading harmoenic power tow, which
is very approximaiely an inverse square, bosed on the steody logding for
two- and four-blade single rotors.

f}  In rough cunning cases, higher levels of the higher harmaonics occur,
suggesting an inverse first power low.

COMPUTATION AND ACCURACY

a) The present results are subsrontially sel®-checking due to the use of two
independent computer programs.

b} Results obtgined agree with previous results obtained for steady looding
input. Sponwise loading introduces small errors.

¢) For limited locding harmonic inputs, computation time has been sub~
stontially reduced, to the order of 10 seconds a fieid point for the genercl-
purpase program based on Equation (20}, ond to about one-tenth of o
second a field point for o special program based on Equation {37).

d) The phase of the loading is equally as, or more, importont than the
amplitude, Lack of knowledge of the phase of the aerodynamic loods can
be reflected in substanticl underestimation of the sound produced.

e) A random phase assumption has been used in the present computations, both
over the span of the blade and beiween loading harmonics.  fhis introauces
t.e necessity for definition cf a correlation length not given by availeble
data, but suggested .heoretically to be inversely proportional to loading
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& zers. Using this assumption the sounid ﬁe}a <en te com-

Toutart witi . swsonoble acturacy usmg @ singie sponwiae iwadiog point

oxdmpiion of »;1 pcm. ::h;""ms: iooding is probably conservotive.

monics contributes to ony one soond

- “hamenic . e e e e - T

. The ronge is uemg'ed on the loodmg harmenic A *m8, whcre m s the
sound tanmonic and B 15 the number of blades,

 The harmonic X = m 3B is the only harmomc conmbuhng 1o noise directly
an the jotar axise ’

F in the plane of the rotar disc, !oodifzg hdrmonics up to mB ({1 +M) con-
~& .7 7L Ttribute .- Forinstance, for the tenth sound harmonic of @ fous-biude retor
) Voam wirh M= 79 3, 109;:23(19 hqrmoni;s up to the sixtieth contribute .

Ne-tthﬁ; fb,enry nar expeiiment gl ves aqata an these high loading harmonics.

- _{) - ,E@: rypmq! h;hcoptem, the thrust fluctugtions dominate the noise field
ex;qpt close to the plone of the dssc .

= 9) Ror thg laodmg pcwer law typical of heh coptér rough renning, an acoushic
T Fypectum 1dcntmul with blade slap is produced.

S -h) " For the lgcdmg power iaw hypicat of normal operction, the acoustic
seialil o spectrum clme},?: resembling normal helicopter noise is found.

} - The steady ino_dirng_ dominates the ievels of the first few homenics.

Typical vasiation of the high:éhbcimonics is @3 tip veiocity ﬁsqucred .

: ;Tyﬁicai variation of the first hamonic is as tip velocity to the 28 power,
- where B is the number of blades.

) Typical variation of all harmonic levels is as thrust times disc loading.

‘m) Higher lavels of sound are predicted in the forward direction compared to
~ aft for forward flight cases.

n) Forword flight coses are well predicted applying on effective velocity rule
to the hover resuits.

o) The overoll sound radiation pattern has @ moximum at a small engle below
the rotor disc and & minimum slightly chove .

p) Near-field effects are negligible more than 2 diameters from the rotor.
q) Blade motion does not produce a significant sound field.
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BT e T Tk Y g BT =44 Cia SBVER . —

Coniputed and measured levels of the fint four hcrmg-nu.s rgm fmrly wall® s
in g hover case. RV RIS

_~ S oUe p I & T A S S
LML VIUIiTY H!glltl IRITLRUENG YLy Wi DY) _ll&t\.‘A\

-
" r I

Spectral shapes are predicted well for g hover cate out to
hamonic, : B

Prediction methods based on the theory mouid be sccurate §

boamde bt vmis W Ta mreas ten ~iareedd Yo 5!-

Design chorts for genercl use in helicopter rotor noise p:edmhm ore T3 o
presemed in Appendix I, : . U

a)

b)

<}

An optimuos ccllective pitch exists for minimum noise, which requires
detailad experimental study .

Minimum rotor noise output requires that the rotor interaction effects be
minimized. - =

Configuration chonges should ensure minimum interoctions due to the
fuselage ond tail rotor.

Multigle=rotor systems are unfovorable scoustically.

Increase of blade number seems to offer the best possibility of noise
reduciion .

Use of high-1ift blade sections should reduce high harmonic noise.

Reduction of tip Vc!o»ii'y will have significant effscts only on the funda-
mental, byt this mey be importent, porticulorly in ..onjunctxcn with (e} :

and {f) cbovc .
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“"U}~A !)mzmcmc experimental xb%y ba performed to p'owdc occurtite and
““detailed acoustic dota on helizoptens of glf types,

Vbj M-:ugrmm; e muc —of moc!eI ondfor fultscale rotor mgiocds using audic=
frequency mnge instrumesn fuﬂon c:nsw{y in conjunction with ocoustic
5 f;;. The oot thouid i goiyzed in°c POWET NS CISis-powser

- ::s Thc ooise control measwres suggestad in Section 6.3 be svaluated threugh
LA modei or full scale study . .

N ~d} Funﬁer thaoresical work:-be pedormed to specify helicoprer noise cutput in
L an 3erms of the cross-powaer spectrum of the loading inpuis {see Appendix II}
L - #)-A theoretical :rudy be made of the noise generated by the motion of blade/
. yortex interaction points along fhe blade span.
f} JThe theorencql prediction methads presented be subjested to defoiisd experi-
’--'mr\fcl sverification, both to sstablish confidence in their utility and, possibly,
1o suggest empirical correction facton which may be cpplied.

.-
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APPENDIX | " ) o
ANAIYTIC EXPRESSION FOR BLADE MOTION EFF&.T" B

PR

- SQ [

'+ rotar is appmg Let us onemm to do this foHomug ‘he mer*mds c‘ Sec i ,.i

(e Ny ehangs 5 i the vadue of 1 wsed m me. 'ercmw Nme mmnmi
motion case, suppose the matien is given by

S

r S x. =y T X=f,yvn sinBa R cos B, =n cosB - Run&,:mf'»w'

B

tand n are functions of 8. £ represents the out-of-plane flapping motion,and r;
represents the ‘a-plene motion. Raodicl motions couid be inciuded if desired,

Thus, 2= (x =)+ ly +1q cos8)? --2(y +nsin8) R cos8 + 12 cas_"'..ef
26 Reos BsinB+ B2 {69

Following through the same approximotion as before, ignering squores and produwts of

£, n,ond R incomparison with x and y, gives

L 1- yReos8* x2 - yn SEHBI {70)
| 2 f

Substituting in the expression for the snund raciation gives then {identifying y with Y
ond 8 with 5 « Q)

2n
R 2 A Y Nl o vR
C = — expi{(n~N8~+ - cos (8 ~ ¢)
n 2 a ar
4no

o o}

nfdx ¢ afllYn sin(@ -~ ¢)

- - + = ]
971 ol

7n

If t ond n orecrbitrary functions of 6, then evaluation of this integral is possible
only on the computer. For some special cases an anclytic soluticn is possible, and

§7
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Qne case o somainterest is when E =g, cos 18- gr; 7 ~U. Tnis corresponds iow -

.sr bermomc flopping motion, The £ and Y term: in the exponential then combine,
oviit:is then ;xmply qut given by £3ughan (33, except thar the argument of the

U‘e aee; ‘;'KZ. aj.nﬁ "i:,!ﬂ' ..;is .’3.’.‘(". T T

yiuse of < Foun:r series todascnbe to flapping motion does nat lead 1o any
sin the pres_gnt cose, since rhe vc;nous components connot oe sepcroted .




APPENDIX II
NOISE RADIATIOMN BY RANDOM LOADS

The basic objective of the present report has been to calculate the noise radiated by
the fluctuating loads on the rotor. The assumption in Section 3.4 that the loads
could be expanded as a Fourier series limited the cnalysis to the loadings which
occurred at some harmonic of the rotational speed. However, it is clear that random
loads can also act on the blades at any frequency, so that it is important to be

able to calculate the noise radiation from such sources. Furthermore, it was shown in
Section 5 how that even the harmonic airloads had to be assumed to be random in phase
te obtain meaningful results. It is clear that a more detailed analysis of the random
case is necessary. This appendix presents a preliminary study of the problem. It
shou!d be noted that the analysis presented is not rigorous and several assumptions
which could possibly be of imporiance have been made; but, although only an out-
line proof is given, the results are of fairly clear physical significance, and can

be used directly in calculation of noise radiation from experimental data.

First of all, since random loads can occur at any frequency it is necessary to obtain
an expression for the spectrum function of the sound radiation at any frequency. The
anal,sis follows that of Reference 18, and the results of Reference 24 may also be
studied for comparison. Ffowes Williams and Hawkings 41 have recently presented
arguments essentially similar to those given here.

We -vish first of all to evaluate

Glw = fp exp iwt dt (72)

whe'e G is a spectrum function. The iimits on the time integral are left undefined
at present. p is the sound pressure observed at a point x and time t, and is given
by Eguation (20) as

F.

X 7Y i

p(X,f) = (I M .a_a-!
g - I_)clor f(4wr(l-Mr)

(73)

Equction (72) applies for asingle point input on theblade . When the variablesare changed
bact tosource time T =t -r/c:c0 , Equations (72) and (73) give

X, =Y. F.
G(w) 2/' i _i‘____J._lexpiw(T'Fr/ao)d-r
agr a’l4wr(l-Mr)‘ ' :
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For the soror caie, me  con apply the ysual formulos far the force cemponents and
i e - i5, 15 V )

retorded |ima -approximation T Yig GivE - - - -
e - . - o - ‘ - -
L o ¢ 1
sin T - -3:—-: gos St
. "1 5
s s,

,E . - 7A: i i o ) V' i rll R V .- : -
EalIL - + exd’ Zu('f b — B4 cos QT)}-'dT {75)
L . } 9 ?0‘1 f 'i .

—7Ngfg':r'»‘on is the same as thot used in Section 3.4,

T = Tv exp{-ivT) andsimilacly for the other force components,” that is

“we assume thas the forces are varying at @ circular frequency v not necessarily
eaualta g multiple of the rotarional frequeacy. Also from formule 44 in
“Mclachlan's book 28

. ) e

e expizeosd = z ‘;“Jn(z) cosn8

< ’ n==~<a

pibor

" Thys, (79 becomes

R . . xT yD y& ‘
"Gl = L2 ‘ g 2 sinQ - cosQ'rlexpi(u-\')1
4vacr | n r {

R R AL, LN S S RN i Al L e meo e a mmaam s mmm

and integraring by parts, ignering the near field gives isee aiso Reference 18]
s T T T P Y R
= 7 exp Wit * 1,9, 47 , §74y
T2 : ;
- . g 7 .
dragt L
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Now put sinil1 = = exe

L 1

where the argument of all the Bessel functions ix yj&/ég T

New L T I A £ TU I :
and @ v @os 2 o T T
Thus, Equation {(76) can be written as o R *_: 7
: " 5 Ry i C _ R
¥ N (-i}n-lu‘ xTv nfd v uy RN b e I- LaE I

: S = G I\T ";"';:J IR AT T LA

i 90 { i Ty ‘ o ‘ A

i .

' where Gluw) existsonly ot w = v2 nQ

;; Thus, input of an crbitrary frequency v on the blade gives rise to many frequencises in :

f the soynd field, disploced an integral number of rofational frequencies from the input -

8 frequency. The effect is the same as is observed in frequency modulated radio sxgnols. -
? It occurs hare because of the frequency modulation due 1o the varying Doppler
K frequency shift as the blade rotetes toward and away from the observer. Equation : :
Y (77} is consistent with Equation (38) derived for the integer loading harmonic
E‘ case. -
i 7i




If we nov. suppose that a complete frequency spectrum F(v), the same for each com-
ponent, is present, then clearly ail loading frequencies v removed nQ from the
acoustic irequency of interest that w wili contribute. Thus, if the overall con-
tribution at w is S), we may write

+o
S(w) = E Flo-nQ) Gl (78)

n=~q

where the T, D and C terms in G now contain only magnitude and direction, and
not frequency.

It now reraains to extend the result to the complete blade. The observed pressure from
the total rlade Pr is given by t

prxiN= f plx,n,Hdy
T]

where p is the single point pressure previously determined and n is a coordinate

fixed in ti e moving blade. Thus also the overall spectrum function is given by

5 (x 0 =/ S(x,n,wd
n

éy the usual rules for establishing power spectra from spectral functions (for example
Reference 22 ), the power spectral deisity of the sound is given by

P(fi"")_ T—-co Tff s* (x,q u;S(x ;,,u) drdn 79

If we write r] = nt § so that £ is a vector seporation, then Equations (78) ond
(79) may be combmed to give
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vary iittie over ihe typical dimension & , then Equation {30) becomes— =~ - -

<

Y
Ty
L

. 'w N : V N o - .v
Pl ) =ff E %in.é&—mﬁ)%@ﬁ{;gi} dfdn {81} -

1 £ n==-c@ -

2 .
Here iG! is the absolute value of the accustic transfer function given by {77} .and )
can be ¢ function of chserver position x, point on the blade v, and input frequency. :

Pg is the cross ~power spectml density on the biode ot frecuency w =n ) and spacing

§ . Py hosbeen permittedtovarywith n, allowing for inhomogeneity. Pg cao be
meosurad experimentally using a transducer armay . In fact, the E integrotion can be
performed to give

+ o 2
Fix,w ::f Z Au-nQ{‘?‘\} Psm,u-mﬂ}iGn{x,q}‘ dn {(82)

! = -
L n==0

g - . ‘ whare PB is now the spectrul density, and A Q is the correlation ares which
' . W -T2

can be a function of frequency ar 3 blade position.

: Note again that the observed sound ai any given freguency is the result of random
: loading contributions at o wide range of frequencies, egch removed n) from the '

acoustic frequency of interest. In fact the transfer function IG’I is virkually

i identical to that vsed for the harmonic loadings in the text of the report, anditwill
thus possess all the fectures discussed in Saction 6.1, Inporticular, it willactasen
} efficient ocoustic transfer mechanism cver the range ~uM,/ Q< n< wM/ Qi e.,
over the range of loeding spectrum spaced over WM on either side of w, Thus, for a
typical rotational Mach number, M =0.5, the brood-band contribution at ony givan
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51U ency mu come from qs iodding spectral dzrmnes within gn octave band centered

B i
L3

iom

,,,—Th. m‘fhﬁ—d oo -".-!.z::i‘"' the randes laeds gotuat 57 wrsd L it Pl gt
bechoﬂ 5 -1} “wssentiofly-corresponds to Equation ~{82) - that the overall tevel
wgiven by the sum of the squares of the coniributing harmeric zoods und that the
:..,... ;ﬂpu._spc:’u.d;'.__\’m f?yunfu;ou By & correichion grea T Lach of these feaiveiey”
“rleeLursin ‘the’ prasent™wodc. " It is of interest tc note that for the harmenic input case,

,dcivr-ne p-hqse mpjchon will e.xm bﬁween the force »npu* on eqch blade, so that the

ithe random loais w ti'rot aH vgh.xe;s ofn  must be token in (82}, and tbe effect of
~b b{odc; waL’e stmpiy be to multrp{y oll outpur by B, It should also bc noted rhm rhe
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The equation for the magnitiae of the mth sound harmonic of o 8-bladed rotor in the

= (F g me? Ay mn s e TAbmm e b o £ .. o
haover AEOLRIISS AN-CEn e v FOE eI R sfree IOan —- —

O
C. = Z K-:-
A=0

c :-, 7‘7; * ;
"M . AD 0 nM .}, - T
'—R—-s;nechTJ’*TszTCOSBCACJ}j (83) -

i

where K iy ¢ constant
ris the distance from ihe rotor centes |} . .

; defining the field point N
8 is the angla from the rotor disc plane }

R is the mgius of oction of the biade forces

€377 Sapr 9ndcy o are the thrust,drog, ond rodial force harmonic ceefficients

n = mB = harmonic number x number of blades
M is the rofationc! Mach number = QR/o,

J;, Jz‘,and Jy are complex collections of Bessel funcrions of argument nM cos 8
C, is the ampiitude of the nth

sound harmonic abserved ot the X
field point O when the heli- T8
copter is hovering ot point x ~

(see sketch) a distance r awoy.

v Now if the helicopter is moving along
: the x —axis at o Mach number Mg, the

sound that reaches the observer at O when the rotor is at x  was actually generated

ot some previous instant. At this time the rotor was ot x, so that the sound octually

traveled ¢ disionce :'.

When the necessory transformations ore opplied 'o account for the forward speed, Equa-
ticn (83) is written

i
¥ *The rotation in this sectior differs from that in the main body of the report .
§ .
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Now wppcae instead of pecforming the comect velocity triensformations, wa merely
sbstitute Me = M/ ~M ) intas Squation{83)to give the correct formeid spred volue o
(h- Bmal functions. We gbrin

LS 1)aMsing ap v _nMeoss
~-C4x‘3;}‘=:oxcm},~w) 1% TR 2 TR “xCY1j (&)

Rz T HI-My) SaCYay

Nota that Equation {86)is identical to Equation(BS}with the exception of the additionai
{1 -zMr) in the donommctor of the thrust term.

. Ngw unce M = Mf cas §, the {1~ M) foctor is most significqnt as 3~ G, i.e., o

ERRR L el O As 9:incricses and the thrust term becomes importont, M, decrecses.

' ’Cmequmr}y, it may be expected that the error in the thrust term may not be 100
significant. To illustrate this point, two cases were computed, The first was
compyted using the corract fonvard speed traasformations, and the second was
computed merely using o modified Mach number (= M/ ~ Mg cos 8). The results
ore shown in Figure 32 for M= 0.5, Mg = 0. 125, for the first, second, fourth,
and mgh*h harmonics of @ typical four-biade rotor . The random phose assumption

- discussed in Section 5.2 of the report wos used for the odditienally extreme case

of random shese among the theust, drog, and redioi force campanents. {Note

that this leods to cn acoustic symmetry about the rotor plane, since the phese dif-

farence between the thrust end drag components is eliminated 2

?6




It zan be seen in Figure 52 that the maximum error in the equivalent Mach Number
care is less than 2 dB. In the piane of the rotor there is no error since the thrust term
is zero. The average error is considerably less than 1 dB. Thus, it is concluded that
the concept of an "Effective Mach Number" takes adequate account of forward speed
effacts, at least for typical helicopter velocities.

It has been shown in Sections 4.5 and é of the report that, using a randomized
phase assumption, and based on experimental airload data, the thrust loading harmonic

ampolitude can be represented for the purpose of sound calculation by the relation-
shixs
T

Qf e

C
AT )\2.5

Furthermore, using these assumptions, a single loading point gives accurate results.
If :ve assume that the ratio thrust : drag : radial component = 10:1:1, which is
typical of helicopter rotors, we can write Equation (84)in the form

Cax 2
»=0

Firally, the sound intensity of the nth harmonic can be represented by aivrelaﬂonship
of the form :

T
Rra?-

2 T2 :
C, f(mB, M, 8) | (88)

-

re A

where A is the rotor disc area (rR?), and the function f can be inferred from
Equation (87). '

The sound pressure level corresponding to C: has been computed for a wide range of

mB, M, and 8 for a rotor having nominal dimensions (T = 10,000 Ib, radius = 20 ft,
r = 1000 ft, and with the loads acting at the 80-percent radius point). The results
are presented in polar chart form in Figure 53. The charts thus effectively give
the form of the function f in Equation (88) cbove, and they aliow straightforward
caiculation of Cf‘ for any specified condition.

Parameters Required

The: following parameters are required for use in the noise calculations using the
decign charts.
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X, Y, 2 Field point r.oordinates relative to helicopter measured in
feet with x measured positive in rhe direction of motion
(parallel to ground in hover), y measured sideways in the
plane of the disc, z measured downwards from helicopter.
(Results for +y equal results for - y.)

A Disc area, ft? (or T/A = disc loading in Ib/ft?)
Q Rotlor angular velocity, rads/sec {Q = rpm x 2n/60)
\% Flight velocity, ft/sec
g, Speed of sound in free air, ft/sec
id Disc incidence {angle between disc and x-axis), deg
m -.S’ouﬁd harn;oni§ (equa‘\s 1 for. fundamental, 2 for second
harmonic, etc.)
: B Number of blades
| T Thrust, 1b
R Rotor radius, ft

ristruction. for Use of Design Charts

To caleulais the rotational noise spectrum occurring instantaneously at any point r, 8
relative to the rotor center and its direation of motion
- . 2..2
1) Zaleulate range r = VxZ+y?+ z?

2) Calculate the rotational Mach Number M

M.—:O.B ..S_I_R..
9

3) Caleulate the flight Mach number
MF = V/OO

'4) ~alculate the ariglc & between the flight direction and the line joining
‘he rotor and the field point

'=cos™! (x/7)
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9)

é)

7)

8)

?)

10)

B}

Calculate the Effective Rotational Mach Number

M

ME = T Mg cos &

(

Caliculate the angle 8 between the rotor plane and the line r. 'If the disc
incidence is iy, this is given by

-1 ( Zz ) . X
0 = tan ——])~i ( ——
\/xi + y2 \}xi + y2
Using the values of ME and 8, look up each chart to obtain va'ues of the

harmonic sound pressure level In forn=2,3,4,6,8,10, 12, 16,

-20, 390,.40, and 60..

Correct the values obtained for thrust, disc, loading,and distance according

to

SPL,, = [xn + 11 +10 logy —T-z- (-I\—)] dB re: 0.0002 dyne/cm’

r

Plot SPL  against n and fit smooth curve.

The sound nressure levels from this curve forn =B, 2B, 3B, ... give the
required harmonic level at the point x,y,z

The fundamental frequency is QB/(Zn (1 - M_ cos 9)) Hz

F

Exampie -- Calculate the rotational noise spectrum 1000 ft from a three-blade rotor ot
an angle of 20 deg below the flight path for the following parameters: T ='10,000 Ib,
T/A = 7 tb/ft?, V =200 ft/sec, iy = 5deg, QR = 600 ft/sec, and a, = = 1117 ft/sec

1

2)

3)

4)

-~

5)

5)

r = 1000 ft
M = 0.8 x 600,/1117 = 0.429
Mg =200/1117 = 0.179

9' =20 deg_‘

0429 |
ME =TT 179x 938 016

8 =200 - 50 = 150
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T T e . j3G,000 -
E - 8} Carrection < 10 iogm\——-i-—*%‘ -*.';-"f =+3.53483
. _,;7'4 o * ]ng
- e s n 2 3 4 & 8 10 1z 16 T 3¢ 6T 4D

SPL, B85 82 81 77 71.9 6.3 43.5 .5 53.5 47.5 44 38

The results of Steps ? and 10 cen be seen in vhe sketch below where the sarmonic
ievels corresponding tom = 1,2, 3, ... are drown as vertical lines.
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Cemporison with Experiment , 7 DI

been cmcu:oreﬂ to compare with the measured daru from ﬁeferencc i12. Fraxes .54»
end 58 show the resulis. For comparison, the theoretical reculis oblgined by Schlege
€t cth using a computer progeam ate 2ls0 inciuded. [t can be seen that the simple "

technigue produces results which on the avertge are more sccurote than the \.ompuh;g
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Figure 2. Rotor Noise Overall Levels From Hubbard and Magiieri.
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SPL « dBre: Onerall Levet

SPL - ¢B re: Uncorrected Overall Level
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a) Measured Leveis in 2-Hz Bandwidth (Replot of Figure 9).
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Figurc; n. Conf}ib.urion of Helicopter Noise C-mponents Via Various
Methcds of Data Presentution.
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SPL - dB re: Overall Level

SPL - dB re: Measured ngroll Level
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SPL - dB re: 0.0002 dyne/cm?

SPL - dB re: 0.0002 dyne/em?
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Figure 12. Experimental and Theoretical Refglts at Side of
Helicopter From Schlegel et al.
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:’. Figure 25. Loci of Blade/Vorfex Intersection Points os o Function of Advance
' Rotio and Number of Blades
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Alternate fringes represent 2-1b/in. increments of blade secton

loading. Boundaries between light and dork fringes correspond o
lines of constant loading v-hich are identified in Ib/in, H-34
helicopter in steady level flight. Rotor speed = 210 rpm,
V=105 kts, pu=0.29. Blade/vortex intersection loci are
superimposed ,

Figure 26. Computer-Drawn Contour Plot of Blade Airload Data From Scheiman.
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Figure 43, Directionality Patterns for Combined Load in Any One Harmonic.

143




Sl et Suda e g el oty
R .

TR e T A e
PREL

- R s b4 e Ak hality ~ rl -
Srme T T s R U L e L ST Sl S e o DL v aciai st f T W ST e

T AR Tt e e Sk e Sma o

<
~ "'-"'-’-m-iﬂ-n—,.-nth—..,cu..

24
T 2043 vaage W00 N ":.‘q»‘- -

b; Forward Speed

’ = /
Maeh Numbar = 0,125 % : / '
=
. T

¢) Forward Speed Moch Nymber = 0,25

Figure 44, QOverall Sound Potterns Beneath Rotor for Various Harmonics.

144

e T TRA ke g




Sound Pressore Level (Normalizad to 1000-f1)~ dB re:0.0002 dyne/cnm?

e B e i T R i :
T ST

Getin's fquotion - w ‘-4_;': - “
Lhard Caicuicied) LT
Numerical Sotutions .~ . - - :
inciuding oil iNeare - o

Field Effacrs ot ToomEeem T e

i digmerer o .
“Nemarical Seivtiens - T
for Far Field .
{HERON 1)
Analytizai Selutions

for Fou Field

{HERON 2)

Rotor Plane

Figure 45. Near-Field Effects on First Sound Harmonic.
Four-Blade Roter - Steady Thrust ond Drag Only .

145




M A e m—

e T B e s e e e i 7

e L NE SRR o

*251() Jojoy mojig $99:8aq 0L 519%)13 piaI4-I0IN gy By

o1p - PIURISIQ

001 o | 0Z o S v £ 2 t 50
B T T T T I o
i // a piR14 J0IN 14sNAdY <0t
| m ., PUD D1IWOIC) BLIPA|IU] eomre o

P L PIt4 103N SLRWOIY BUIPA| U] e o -

- - Augy pjai vonoipoy 1% 8

. a

-

o

é

[} ]

—

o

, b
: T
! ,, &
, o
i g
1 »

: a
| :
. IMJ/.
oo s

g

146




el AT R L e e

Sound Pressure Lavel ~ 6B r2:0.0002 dyné/cm’

i 7 - - i R
: ‘a T " 7 A
— 1 Load at 80% Radiu \ 1
———= 5 Loads at 10% {20% 0% Rouvius ) B )
e e {0 Loods ot 5% (10%) 95% Radius ) ' . -
: 2 i i I ! _ L Lj 7. 1 i
;. . H 2 3 4 8 & 8 10 N -3 2
Sound Harmonic Number
: Figure 47, Effect of Loading Distribution on Sound Field
for Randomized Loods.
- i
¥ 147
i
!
H o e rieaerr e e it




2

¢

WL Ly L

s

a.

- ,,, .
Sound vresuie Level - dB re:

wound Fressuie Level - db re: U.0U0Z dyne/cm?

-

l

Measured Data (Reference 12) 7

>0

---- Reference 12 Theory , A 250 ft to Starboard
— — ~ Present Theory '
Present Theor 5. 230 ft to Pest

g

oV o -
Approaching Departing
40 H A i L i 1 i 1 i |
~ 200 - 100 0 100 200
Helicopter Position With Respect to Observer - ft
o) First Harmonic
100 1 i 1 v { T T T T ‘

60 ol —
A pproaching Deporting
40 } TR | L | 1 i 4 !
- 200 - 100 0 100 200

Helicopter Position With Respect to Observer - ft

b} Second Harmonic

rigure 48. Comparison of Theoretical and Measured Harmonic Sound

Pressure Levels for H-34 Main Rotor. Aircraft Altitude
200 ft. Data From Reference 12,

148



Ay

P

L ARLTE

PO 10 (1 17 s

S

Sound Pressure Level - dB re: 0.0002 dyne/cm?

&

£

8

]

8

3
-

Lo
2~

camne  Refatence 12 Theory
- = = Presen! Yhaory

t Meascred Dz Refurence 12}

| SURRETPRITON

— o o et T oy

o “"-s___..'"—\‘\

I L ! 1 i — e - 5

=200 - 100 ¢ 100 .49
licopter Position With Respect 10 Qbserver = ft
¢} Third Hormonic

i . i ! i g

- 20 -10Q 0 100 200
Helicopter Position With Respect to Observer ~ f¢
g} Faurn Hamonic

Figure 48. (Continued),

149




m ,
. |
;_ COTEEM G e s e T T T e e e e e I
, . . (B17HN YR YI-HAY J0i0Y pOig-atl
! o , - W0y cuowisadxy puo ?oo.# {0 vospodwa ) = wnydadg ASION " &F 24nBiy
i [
A m , , * _ Lo . g IRQUIORY IOty ! ,
" 8 i , N . ( L : e G )
i ; j . 0E 0L O 8 9 5 Y. o -
* f ,1,..;.413”__. T . m ] T ﬁ T T t *
: { , A, M I & T . (£ eniesngey) WO m'
A y It B sy UKORRIL {13002 ¥4 o0t UOHEME A 5
N ] R i IR
_ J T $010) 9AQ) PE TS :ooma, o5 % UOLDARY g R -
: e T T e “g wousejey M vieiu0) ;‘,O Y414 e>:us=ou uiy o i T R m
o] , o Buguuny punes9 'Y 00¢ = " g~ UOHONNZ O 3
om . UOL{BAD]3 5 Lo G0 W ARy —— M.
§ - - oK - Mr
! o »
3 _W
[} P}
# :
F M - ;
313 } )
s ®- WH : )
' &b |

"By pup pXg LO PaOY |8




"/ 90U3Ia§IY WOLY DIDG *AOOUIYD) gLp=HD 10§ §|9AT
PUNOG OJUOWIDY |DUIB{X] PUD [BUIR4U PAINSDIAY O uosdwory g 2unbig

hOn_EDZ Jluowioy

8 9 S ¥ > z
W
o
C
Ta
0Z- g
T2
Qv
[
M 3
-
o
§s
—QOolL- ",
Buiiaao DIDIIY - %
1 H 4 Iy ~ $sDI) ®
19AQ painspayy - asioN |ouiaixy @
1y61j4 351N = BSION] [OLIU] O 4
| 1
Y]

151



Rabc A

- -V A

LY WA i e

+/ DUIIDJeY HWIOL| DJOQ " IRI SN PIPIOIY

IR JTUOWIDH

! I

.u:o,,_&o_..u..i woig 4 QJZ TPty -0t Aojowrxoxddy (o Bupdaoy
sajdod1ep HOOUIYD GLy~UD 194 ${ART punog J1UOULIDH posmpayy LG vanBiy

ol B 2 9. ¥ £

* l « T ﬂ 1
" paniasqry dojg apajg aN
peasasyqy dnpg 9pO|g HDIVPOW

-4

(8

S

b v 1 e

(R

g ORI

oL~

joaay “osazc U gp - {2A97 I5SILY puneg

™~

o

B N

T . -




e e =)

Tl Al e i T w

e Ak T

e T L e e

[SPF U, |

Udlipwixoxdy: | Jaqu

r.ﬂ_,.u_,.t.‘xﬂki( '
»ﬁ:}u/,., xu_J«;..{ ALY s e
LTINS —

¥
“szt0-Yw co=w 148114 promsog ur ooy 04
PN YO 3AHIOHT, PUR oYW 1907 jo uosiodwory ‘zg ainByy

PR

%g\J

e
Z

RN

153

— o~ LT

e
MUY 3 40 w1




M

3¢ ] VO

el
"~

’mw-

Fa(iTe LCnd

as Functions of Hormoaic

NOTE sCALE

]

sonal Mach Number, und Angte From Dise Plane,

Hermonic Sound Pressure Levels 1

Figure 53. Rotor Moise

Rotat

Number,

wrei s



|

R _ .
A,;
|

) ,N o | “(prauluen) gg 2anty

24}

o3y

0

v

<

135




e awae a6

xn

I R L SO e ¥ ~ 4 g

*{panuyuc)) €9 aunbig

0 ?xiwli_ - ﬁr

NS

i5%




T -
e T
N et s
LT e T
B
. -

Figure 53, (Continued).




(Continued).

Figure 53.




- ST SV VR Y 5 S R v -

Figure 53. (Continued) .




_eppesow

)

e e et D

SN 0 = b_uo_o>

14 002 PPNty yoady ciojoy VIOW pE-H K04 Sjaaa
34N5134g pUnag diuounny pPaansoayy puo [PINR034] jo uvostiodwe) e unBi 4

ARy ety P

By~ marapigy g, ey i g oy :.:.?u__..x

PSR g (g
e Dawyy o ediay yiim WIeoy MidO 1wy

|

¥4 )y u [T LY (274 oot n 004~ 00L~
B B i e A SO e _

BN B ! [T T o [T e Y ey O
T~ LR B Py romaid y u::;.asc Buny sormddy

Tl

ol ' T e e sz g O - < 2

TES s pa. e e St - e

Y]

o et oot
PO B0L Ve 1 Sipuacky
FAR T  7) Ve .
) v A RGaddi T IRV W [o25)

{ A e b o e s s

{2
i

G Wi O e g im [T T
A Wt 4 o+ 002~

" L_:o:...c.: g {o
4y - i,t.:ﬂv 0 .ioru Yl w0y #1895 ey
, 0 0 0L o

o0t
jq
.«,.

L S S p s S,
e jiaveg ?.xf.l@(

'

%, melp 2epne g cn. O - Rea) s, pog

Faaian -+ N RLNY CISETIVN e,y puanag




TS 0Ll = Ajpoogep

»~

A‘ | *
NRIAR Bt _ 43 002 oPnLity HEDIY CJ0Ny U i1 S0y Sjaran b
. ‘ ' i .
Gy “,_,.24 2 g _x.:..om QIUOWIDH PSR PUD (02UPIRY| Jo uosipdwory GG Bunbyy ,,
‘ i
, L
I
, P ik e 4 1 owiniy puo g [q
. P b Fhdemnh e e 00y vty o ) e oAy o ediey giim Ty e
1
| B SO | 4 o o e 041 0 001 - noz-
i v ﬁ J i ﬁl.JJ.sJ.i:ﬂ B ﬁ;J [ L S S Bt b s st s e ) "
{ o Fomid ) | s 200 by
! , i _ TN , Mireieg By w.
: t : -’ T~ ¢
R T . ! - : el s ) o
- P w... P LT Rt ..w.‘,, e e et e M
B [t ! | .
j H £ Q -3
LN K [~] 3 Q
i M Aw. ’ a_ AN A v 1. :
. ©
g | & |
i w , | 3
i ’ \ r(L.J...!_:i.m.. ,Z,r i e { 1 1 d ot o1 W
: : | i e %
: i i PO o010 0 g —
! : | 1) #Nbjey - oy n e h
_ 7 L #owit, g . o.dv!:é v o
: L ) (3 T T e e ety 181y (0
,H IR EE L ) s.:,:.:-a Mg e ydo S oy 3w ALy Ul toedeay i w0y widot ey
i o i p o0y - g oo 0ot a 201+ o0e-
m T A P ey L B Bt s st L |
m tnovantegy W B ronddy y - LRI T Py oo xidy ﬁ
m , ;
: i “ o3
i S ST :
) ,,., i..,mi.,i. -t ,,.l-<¢l .h,?!l\\\\ v 3
. o 3 3 0% 5 ZTor 5 e | L :
; - ﬁ e o~ 0
i | L e i&é E
5..)w9.t1h.... itwl.. .—,. e |mlelr xu,ll(.\rtli‘milig M 1 ) 1 A \M P do oot M
! 3 ,
~ 1




Security Classification

DOCUMENT CONTROL DATA-R & D ' B |
- rSecurity classilication of tils, body ef abstract and Indening annetetion must bo entered when the eversl! v ts clasell
7 ORNIGI A TING ACTIv:TY (Corporate sufher) mﬁﬁmﬁ—‘—
Wyle Laborotories _ Unclassified
Huniiville, Alabama b smous i

3 REPCT fiTLE

Stidies of Helicopter Rotor Moise

4. DRACHPTIVE NOTES (Trpe of report and teclusive dates)

Fina! Report, March 1967 - October 1968

. AUTHIR(S) (Flral name, middie /nitisl, 1ect name)

Lowson. Martin V., and Ollerhead, John B,

'Y ﬂ(’cf"Y DAYE Ta, TOTAL NO. OF PAGRS 7. MO, OF ARFS
_January 1969 179
B8 CIOINTHACTY OR GRANT NO. 8. ORICINATOR'S AEFPORT NUMBE R(S)

DA%J02-67-C-0023

b PROJECT NO.

USAAVLABS Technical Report 68-&0
Task 1F121401A14801 :

& b.
» a;:c:: m’tvonv NOLS) (Any other numbere mc—y bo asaigned
4 WR 68-9

V0. DISTiBUTION STATREMEMT

"Thi: document has been approved for publlc release and sale;
its distribution Is unlimited.

11 B3URF L EMENTARY NOTKS 12. BSPONSORING MILITARY ACTIVITY

U.S. Army Aviation Moteriel Loborafones
Fort Eustis, Virginia

3. ASST iLCT

“A co.prehensive study of the problem of helicopter noise radiation is presented. After a review of
--the Lasic features of the noise, the.limited experimental duta are reviewed in some detail, and
empi:ical laws are proposed. An exact theoretical expression for the noise is derived. This
expression has been used as the basis for the development of a comprehensive computer program to
calculate helicopter noise at any field point, including all effects of fluctuating airloads and all
possit-le rigid and flexible blade motions. Under very reasonable approximations, an analytic
expression has been found for the sound field far from the helicopter, and computations based on
this cxpression hcve been made. The results show all the higher harmonics of the loading, at least
up to the sixtieth, to be significant for noise generation. A study of the harmonic airloads is
presented. Comprehensive acoustic results from the theory include the effect of various loading
inputs, thrust, tip velocity, number of bludes, blade motion, and forward speed. Fair agreement
with experiment is found for overall levels, and good agreement is found with experimental trends.
Design charts are presented which enable routine calculation to be made of noise rodroted from any
helicapter in hover or forward flight. {_

e R NN e A

R R A

e

o S

T

DD Jom 1473 Seisiive vom dmay Usa AN b e e UNCLASS | FIED
Fecurity Classlfication

Y £
f 3 l\\f”“ et .



LACLASSLELED

tecutity Classificstion

MEY WORODS

LINK A LiNK ® LINK ©

ASLE

T AOLE wY ROLQ wr

Nois-;

Helicopter Noise
Helicopter Rotors
Aercynamic Loading

UNCLASS LF LED _
ty Classification #43-69

R RTINS, 1. NSt e SR SRR SR Y

g o o B



